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Abstract

MODELING AND CONTROL OF MICROGRID COMPONENTS

Elham Tajik, Ph.D.
The University of Oklahoma, 2018

Supervisor: Thordur Runolfsson

Due to the increase in the integration of renewable energy resources into electrical
power systems, there are various challenges that modern power systems are facing.
A lot of issues in this subject are discussed under the concept of microgrid and

their operational and control concerns.

Power electronic interfaces (converters, inverters) are necessary for connect-
ing generation units based on renewable energy resources to the power grid. Conse-
quently, inverter control is a primary issue in operating microgrids. Fast dynamics
of power electronic interfaces results in different operating concerns and strategies
for inverter-based generation units as compared to large conventional synchronous
generators. To provide simplicity in operating inverter-based generation units,
there are various control strategies based on emulating the critical properties of a
conventional synchronous generator such as inertia and damping. This dissertation
designs a novel operational and control model for controlled power electronic loads
and inverter-based generators inspired by synchronous generators’ equations and
stated in port-Hamiltonian systems’ formulation. This inverter generator controller

is added to the inverter switching controller to enable the generator to behave in

X



a manner similar to a synchronous generator. We develop a control methodology
based on Interconnection and Damping Assignment Passivity Based Control (IDA-
PBC) strategy for the proposed inverter-based generator dynamics. We prove the
stability of the designed closed loop system and develop a simulation model for
the projected control strategy that includes an example system consisting of a
constant impedance load, a m—modeled line and an inverter-based generator. We
also develop a generic port-Hamiltonian model for loads that allows through the
appropriate selection of structure and controls the mimicking of the behavior of
complex loads that are connected to the grid through controlled power electronic

interfaces.



Chapter 1

Introduction

For decades remote communities have been supplied by electrical energy through
small grids. Fossil fuel that traditionally has been the primary energy source
for distributed electricity generating units is rapidly being replaced by renewable
energy resources. The integration of renewable energy resources and smart loads

into power systems brings out new operation and control issues.

The relatively new concept of microgrids includes various control and op-
erational challenges that small grids face in integrating renewable enrgy resources

into their electrical power generation plan.

Through protection devices and switches, dependent on the operational
requirements and events, microgrids may function either connected to the main
grid or in an islanded mode. From the control perspective, the main grid sees the

microgrid as an element acting in response to the control signals.

Power electronic devices as the interface between renewable energy resources
and the grid, cause a very different characteristics of generation units based re-
newable energy resources and conventional synchronous machines. The very fast
dynamics of power electronic devices requires appropriate operation and control

schemes.



1.1 Background and Motivation

Microgrids may include various generation technologies such as traditional syn-
chronous generators, DC generating units like photovoltaics and fuel cells or vari-

able frequency AC units like wind turbines.

A traditional synchronous generator operates as a voltage source with ad-
justable magnitude. An excitation control is normally applied for regulating the
terminal voltage of a synchronous generator. Dependent on the generator impedance,
load current distortion and generator structure cause generator voltage distor-

tion [19].

The shaft torque determines the amount of real power generation in a con-
ventional synchronous generator. Load sharing in steady state operation is per-
formed by governor control design based on droop characteristics of the generator’s

prime mover. This governor design regulate frequency of the stator voltage.

Non traditional generators such as DC generating units and variable fre-
quency AC units, are connected to the grid through inverters. An inverter-based
generator may be operated as either a current or voltage source [3]. The control of
inverter-based generator is very fast and can be considered as instantaneous com-
pared to the rest of grid dynamics. A sinusoidal waveform at the grid frequency
is the desired output of the inverter-based generator. A model for generating a
suitable reference waveform for feeding the pulse generator control of the inverter
is needed. The desired magnitude and frequency of the output waveform as well
as power exchange regulation can be attained by the correct generation of the

reference waveform.

From the control point of view, in the grid-connected mode a microgrid



perceives the common point as an infinite bus by the voltage and frequency deter-
mined by the main grid, thus the control signals are active and reactive power. A
microgrid in islanded operation mode needs to balance its own demand and supply
and its control schemes are designed to establish the voltage and frequency signals

of the common point.

In the modern power system, such as microgrids, loads are no longer sim-
ple impedance and motor loads but include loads that are interfaced to the grid
through power electronic interfaces. The loads may have built in controllers for
achieving a constant power load or other similar characteristics. Modeling loads of
this type requires new methods for load modeling. In this dissertation, we develop

a model for constant power load in port-Hamiltonian formulation.

1.2 Literature Review

In [2] control of microgrids in three levels is discussed and the main trends in
controlling microgrids are reviewed. For the control purposes and as interface of
distributed generating units supplied by renewable energy resources with the grid,

inverter-based generators are modeled as synchronous generators.

Inverter based generators may be operated in two different operational
modes, i.e. grid connected and isolated. Therefore, for the purpose of design and
control, inverters are usually modeled either to supply the desired values of active
and reactive power while connected to the main grid, called PQ inverter modeling

or the magnitude and frequency of voltage in the stand alone operational condition
[3].

Stand alone operational strategy is applied when frequency regulation is



needed (e.g. droop control). In this case the inverter is required to supply a desired
value of voltage and frequency. Under PQ strategy, inverter-based generators are
modeled as a current-controlled voltage source. In this case, the inverter-based
generator is modeled to supply the set point of active and reactive power calculated

by power flows of the system.

In a network model of a microgrid with purely inductive lines, active power
flows are mainly functions of frequency and reactive power flows are functions of
voltage magnitudes. Active power droop control and reactive power droop con-
trol are proportional controllers for controlling frequency and voltage magnitude,

respectively [51,54].

Droop control technique is a decentralized proportional control based on
power-speed characteristic of synchronous generators is widely used to direct ac-
tive power sharing in power systems with large scale fossil fuel based conventional
generation units. Droop control has been a common method for regulating active
and reactive power in microgrids with inverter-based generation units. In a mi-
crogrid with several parallel-connected inverter-based generator units, voltage and
frequency droop control is a popular method to control the share of power that is
delivered by each unit [37,54]. In an inductive system the active and reactive of

each generation unit is

EVsind
P= — (1.1)
EVecosd — V?
Q=—"7+ (12)

where F is the inverter terminal voltage amplitude, V' is the common bus volt-
age amplitude, 0 is the power angle and X is the output reactance of the in-

verter. As we can see in (1.1Literature Reviewequation.1.2.1) and (1.2Literature



Reviewequation.1.2.2), a network model of a micro-grid with purely inductive lines
i.e. 0 = 0, active power flows are mainly functions of frequency and reactive power
flows are functions of voltage magnitudes. Active power droop control and reac-
tive power droop control are proportional controllers for controlling frequency and

voltage magnitude, respectively.

Active power droop control builds a relation between active power and

frequency that is very similar to the swing equation of synchronous generators [23],
Aw = —dAw — kp(P - Pd) (13)

where Aw = w—wy, d is a damping ratio and w, (typically wy = w,.) and P, are the
desired values of frequency and active power, respectively. Reactive power droop
control is a proportional controller that relates reactive power flows and voltage
magnitudes [23],

AV = —dAV — ko(Q — Q) (1.4)

where AV =V —V,;, V; and Q4 are the desired values of voltage magnitude and
reactive power, respectively. The gains k, and kg should be selected to satisty
the operational criteria such as control loop bandwidth and stability [35]. In
systems with considerable line resistance, the original droop control in (1.3Liter-
ature Reviewequation.1.2.3)-(1.4Literature Reviewequation.1.2.4) due to coupling
between P and () does not produce satisfactory results. Several modified droop

control strategies have been suggested to address this issue [5], [36].

Virtual Synchronous Machines (VSM) control technique is based on em-
ulating the essential properties of a conventional synchronous generator such as
inertia and damping to provide simplicity in operating inverter-based generation

units. The mathematical model of synchronous generators consists of two set of



equations that describe its mechanical (swing equation) and electrical (the stator
and rotor winding equations) parts. The higher order model of synchronous gen-
erators is applied to calculate the reference values for either virtual stator current
or voltage. From a functional perspective, VSM is a controller that is added to
the inverter switching controller to enable it to behave as a synchronous generator
[3]. The functions in controlling an inverter-based generator can be expressed in

three tasks:

1 To feed the VSM algorithm with voltage/current and frequency measure-

ments.

2 To perform VSM algorithm i.e. applying the mathematical equations that are
emulating electrical and mechanical performance of a synchronous generator
and calculate a reference voltage (current) for Current Source Inverter (CSI)

(Voltage Source Inverter (VSI)) in real time.

3 Employing the calculated reference values for generating the proper pulses

to modulate power electronic switching of the inverter.

Zhong and Weiss in [58] introduce the dynamics and operation of syn-
chronverters based on synchronous generators dynamics and apply frequency- and
voltage-drooping mechanisms to share active and reactive power among parallel
connected synchronverters. The approach in [58] is based on the full synchronous
generator model equations (see e.g. (4.10equation.4.1.10)-(4.11equation.4.1.11)).
However, they make certain steady state simplifications for the electrical part
of generator that result in voltage source model, i.e. an equation of the form

(4.14equation.4.1.14) for the electrical part of the inverter model. The inertial



model for the frequency dynamics of the inverter model is a full dynamic model
mimicking a synchronous generator rotational dynamics. Alsiraji and El-Shatshat
in [3] call the control algorithms that emulates the properties of traditional syn-
chronous machines, Virtual synchronous machine (VSM) and categorize these
methods into high and low order models. The low-order VSM models are based

on swing equation and similar to the conventional droop control [12].

Fig 2.2DC-AC voltage conversion by an inverter [21]. (Reprinted with
permission)figure.2.2 illustrates a typical inverter-based distributed generation unit
that consists of an energy source unit that converts renewable energy to DC form
of electricity, a capacitor bank to stabilize the DC link voltage, an inverter that
converts electricity to AC form with the network frequency and a filter to remove

the high frequency contents.

These VSM techniques are basically divided in two categories:

e Current Source Inverter (CSI)- In this methods the grid voltage is measured
and virtual synchronous machine algorithm calculates the reference current

for the pulse generating unit [6,8,9].

e Voltage Source Inverter (VSI)- In this methods the pulse generating unit
is fed by the reference voltage that is calculated using the measured phase

currents [4,48,57,58].

Hill in [20] proposes an approach for adding load dynamics to steady-state
load behavior in order to emulate the dynamical response of loads to a step voltage
change. He defines a nonlinear dynamical relationship between the desired active

and reactive power of the load i.e. P; and (), and the load voltage V' as,

Py+ fp(Py, V) = gp(Py, V)V (1.5)



and the similar equation for reactive power, i.e.

Qi+ fo(Qa. V) = 9o(Qa, V)V (1.6)

This can be more generalized as a higher order degree,
fpP P Py PV LV V) =0 (1.7)

fQ(Q&n)a len_l)a sy Qd7 Qda V(m)a ceey V: V) =0

This model is shown to capture the dynamics of constant impedance load and mo-
tor load. A simpler representation of this model assumes an exponential recovery

to the steady state value [20]. For active power,
TyPa+ Po=[(V)+g(V)V (1.8)

where f(V) = CV*P. The size of power overshoot in (1.8Literature Reviewequation.1.2.8)

is determined by the negative index ap.

Kundu and Hiskens in [31] discuss the effect of significant power quality
events such as large scale voltage sags (more that 20%) on Plug-in Electrical Vehicle
(PEV) charger loads that may be the loss of a large portion of the total loads. For
a PEV charger load with unity power factor the load active power P, voltage V

and the susceptance at the load bus b are modeled to be related as,

FPO,Vir z, Vo) = ((1—bx)? + (br)?) Vi + (2Pr — V2)V2 + P*(r* + 2*) =0
(1.9)
where r, V, and x are model’s parameters. Equation (1.9Literature Reviewequation.1.2.9)
defines a complex steady state relationship between power and voltage that matches
field data. This complex model could be made into a dynamic model using an ap-

proach similar to [20].



Allen and Tlic in [2] show that applying a static or slow dynamic model
for PQ loads while including the transmission line dynamics results in instabilities
around the desired load flow solution. A simple dynamic representation of CPLs
can be found in [1,2,43],

Jia?

i=1 [Pref - ﬂ (1.10)

where P,..s is the constant real power that load is expected to consume, g is the
conductance value of the load and its conductance matrix is as G = gI and 7; is
the load port current in dg0 coordinates. The PQ load model in [2] includes a

dynamic susceptance part (B) for an admittance in the form G + jB as well.

The CPL dynamics in (1.10Literature Reviewequation.1.2.10) for a rela-
tively long time constant behaves as a constant impedance load. As is shown
in [2] there is a critical value of 7 for which the system obtain from the load
(1.10Literature Reviewequation.1.2.10) connected to a transmission line becomes
unstable. Consequently for short time constants, the CPL model in (1.10Litera~
ture Reviewequation.1.2.10) results in instabilities and therefore, this model is not
a good representation of CPL dynamics where time constants are typically very

small.

At the load input terminal, CPLs acts like a negative incremental impedance.

For constant power of the load, the current and voltage at terminals,

Pref
|ui]

by (1.11Literature Reviewequation.1.2.11)the voltage drop causes increase in the

(1.11)

lit| =

current. Therefore, to study small signal stability, some papers apply a negative
impedance model for CPLs. This equivalent impedance of CPLs may be used in

impedance-based small signal stability analysis [7,44,45,53].



Chapter 2

Overview of modern power system challenges

2.1 Modern Power Systems

A power system is a highly nonlinear, complex and large system whose main ob-
jective is to deliver electricity from generators to loads. Traditionally, electricity is
generated in large generation plants and is transported to the loads by hierarchical
structure of high, medium and low voltage networks while all these equipment and
functions are protected by various protection schemes. Nowadays, introduction of
new technologies has presented new challenges regarding operating and analyzing

of modern power systems:

e Renewable Energy Sources (RES): Energy policies have been developed to
encourage use of renewable energy resources as the primary form of energy.
RES and their potential to decrease fossil fuels consumption and greenhouse
gas emissions generates interest in integrating a large number of RES in
electric power systems. The European Union has set a target of 27% for the

share of renewable energy sources of EU’s final energy consumption by 2030.

Beside all the benefits of integrating renewable energy resources in power
systems, their uncertain nature introduces operational challenges. Unlike
traditional generation, due to their uncertainty, renewable energy based gen-
eration units can not be scheduled. The generated electricity is either in DC

form or variable frequency with much larger bandwidth.

10



e [uast responding generation units: In a large conventional synchronous gener-
ator, the rotational part is the interface between the primary energy source
and the grid. Slow mechanical dynamics due to large inertia and damping
results in slower response in case of contingency event. Control and operation
of conventional synchronous generators are based on time scale separation
between mechanical and electrical parts. However, in renewable energy based
generation units, because the interface between primary energy source and
grid is provided by fast power electronics devices, there is no natural time

scale separation, inertia or damping.

e Controllable Loads: New models for studying the performance of loads are
needed. Traditional load models such as constant impedance load and motor
load are no longer sufficient and improved models are needed to capture
dynamics of modern power system in stability studies and their operation.
Furthermore, loads may include generation so they are capable of delivering

energy to the grid that results in two directional power flow.

e Less reserve capacity: Increasing demand results in highly stressed operation
of power systems. Therefore, to insure reliability and security of the system

new operational techniques are required.

2.2 Renewable Energy Sources (RESs)

A small individual generation or storage unit (less than 50-100 MW) that is lo-
cated close to the load is called Distributed Generation (DG) [14]. According to
the definition by the International Council on Large Electric Systems (CIGRE),

generation units that are not centrally planned and dispatched and are sufficiently

11



smaller than central generation units are called DG [14].

There are several problems that are needed to be addressed in order to

integrate renewable energy sources into power systems [39]:

e Scheduling and dispatching generation units based on renewable energy re-

sources considering uncertainties in supply and demand.

e Economical operation of microgrids with high penetration of renewable en-

ergy resources in acceptable reliability.
e Providing proper demand side management scheme.

e Providing proper protection schemes which are capable of dealing with bidi-

rectional power flows.

e Developing proper voltage and frequency control schemes to operate power

electronic interfaces of renewable energy resources and grid.

e Developing proper market mechanisms.

2.3 Microgrid

For decades remote communities have been supplied electrical energy isolated from
the main grids. Small grids with distributed electricity sources at the distribution
level that contain sufficient generation to supply most or all of their demand are
called Micro-grids. Historically, the source of energy for remote grids has mostly
been fossil fuel. Nowadays, integrating RES into micro-grids is a priority and
consequently the electrical power system is dramatically changing from centralized

generation to distributed generation.

12
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Figure 2.1: A typical Microgrid schematic structure [26]. (Copyright 2008, IEEE)

Fig 2.1A typical Microgrid schematic structure [26]. (Copyright 2008,
IEEE)figure.2.1 shows a typical Microgrid schematic structure that is part of a
distribution network that is connected to the rest of grid through Point of Com-
mon Coupling (PCC). Microgrid in normal operation works while connected to the
grid in PCC so the voltage magnitude and phase at this point is enforced by the
grid. However, mircogrids are capable of working in islanded mode in the event
of a contingency occurrence that leads to accidental islanding or a scheduled dis-
connection from the main grid. Therefore, microgrid must be capable of providing
sufficient power generation to deliver to local loads and be equipped by suitable
control platform that insure the reliable and stable operation of it in stand alone

operational mode.

Within a microgrid, electricity may be provided by two types of Distributed

Generations (DGs). Conventional generation that are usually synchronous gener-

13



ators with rotating parts and inverter-based generation units. These two types of

DGs require different control and operation schemes.

Due to uncertainty in renewable energy sources and single-phase loads, mi-
crogrids are subject to large changes. Renewable energy sources are noncontrol-

lable and they are required to maintain an adequate power quality specified by

Grid Code.

To enjoy economical and environmental benefits of higher penetration of
renewable energy source in electric grids, developing reliable control techniques for
operating these distributed power generation units is required. Electricity gener-
ated by RES is either at high variable frequency or DC, therefore it requires power
electronics converters and inverters to get connected to the grid. For example,
photovoltaic arrays generate DC voltage that requires inverter for being connected
to the grid and wind-turbines generate variable frequency voltage that needs to be
first converted to DC and then to the grid frequency by inverters. Thus, inverter-
based generation is gaining ever-increasing interest and is increasingly integrated
into electrical grids. Detailed modeling of power electronics components in a micro-
grid system that includes a large number of inverter-based generation units, results
in increased computing time. Designing fast and at the same time complex enough
techniques to adequately control power electronics circuits at the interface between

the grid and the renewable energy source is vital for delivering high-quality power.

In traditional power generation units, large synchronous generators with
slow dynamics that get connected to the grid are characterized by their large
inertia and damping. In the event of a disturbance or fault in the grid, this
static characteristics of traditional synchronous generators when combined with

protection devices provides support for maintaining the stability of power system.

14
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Figure 2.2: DC-AC voltage conversion by an inverter [21]. (Reprinted with per-
mission)

Fast response of power electronic interface of renewable energy resources and grid,

poses operational challenges to preserve stability.

Fig 2.2DC-AC voltage conversion by an inverter [21]. (Reprinted with
permission)figure.2.2 illustrates a typical inverter-based distributed generation unit
that consists of an energy source unit that converts renewable energy to DC form
of electricity, a capacitor bank to reduce fluctuations and stabilizes the DC link
voltage, an inverter that converts electricity to AC form at the network frequency

and a filter to eliminate the high frequency content.

Inverters consist of semiconductor elements and a pulsing controller is nec-
essary to generate the desired waveform of electricity [26]. By sequential turning
on and off of transistors and diodes in the inverter, the input DC voltage is trans-
formed to AC voltage in its output terminal. The triggering commands are usually

generated in a Pulse Width Modulation (PWM) unit.

15



2.4 Power System Control Architecture

The appropriate operation and control scheme of an inverter-based generator de-
pends on the type of microgrid loads and its mode of operation. Most published
literature in microgrid control strategies present the control of microgrid problem
as a hierarchical control in different levels [21]. A DG unit may be dispatchable
and the supervisory control decides its desired amount of output power or nondis-
patchable and its output power is often determined by the optimal operational

condition of its energy source [26].

2.4.1 Energy Management Control

In an electrical power system, a centralized control is responsible for economic
dispatch and scheduling generation. This centralized Energy Management Control
collects data, processes the gathered data and forecasts power need, calculates opti-
mal dispatch/scheduling of generation units and as a supervisory control transmits

control signals to plants.

The recent approach in microgrid supervisory control is consensus-based
control instead of the centralized control. In consensus-based control these are
two-way communications and transferring of data such as voltage and frequency

measurements between each generator and controlled load and its neighbors.

A power and energy management strategy is required for a microgrid with
more than a single generation unit. As a microgrid often has multiple small dis-
tributed generation units with different capacities and characteristics, and because

of the fast response of its renewable energy based generation units, faster power
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and energy management strategies compared to conventional power systems is

essential for stable operation.

A real time energy management controller receives the current and fore-
casted data of market, generation and load and processes these information to
generate control decisions such as power flows. Through energy and power man-
agement strategy active and reactive demand is shared among generation units by
assigning the power set points and enables synchronizing the microgrid with the

main grid.

While connected to the main grid each of the generation units of a micro-
grid supply the desired power and is controlled to act as a PQ or a PV bus and the
main grid is responsible to the difference between the demand and local generation.
In islanded operation, the total of demand must be met by the local generation or
some of the less sensitive loads are shedded to achieve the generation-demand bal-
ance. Power and Energy management control is responsible to provide long-term
energy balance to maintain sufficient reserve capacity by considering requirements
and limitations such as cost, time dependancy and environmental effects of each
generation unit and short-term power balance by providing acceptable dynami-
cal response [26]. Through appropriate load shedding and power sharing among
generation units, power balancing strategy enables local controllers to regulate
voltage and frequency and restore and resynchronize the system in the event of a

contingency.
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2.4.2 DG Control

As shown in Fig 2.3Block Representation of DG units in connection to the grid
[26]. (Copyright 2008, IEEE)figure.2.3 regarding to each DG unit in a microgrid,
there is a primary source of energy, an interface between the energy source and the
electrical part and a switch to connect it to the grid. In a conventional synchronous
generator this interface is its rotor shaft. A governor controls synchronous gener-
ator speed and active power and an Automatic Voltage Regulator (AVR) controls
voltage and reactive power. In the case of renewable energy resources, a power
electronic circuit and its controller perform as interface to generate the desired AC

electricity.

When a significant share of the the total generation is based on renewable
energy sources, operating the grid is complex. To sustain stability and reject
undesirable behaviors, it is beneficial to operate them in a manner that is similar
to traditional synchronous generators. For this purpose, control techniques can be
applied for operating inverter-based generators so that they mimic some crucial
properties of bulky synchronous generators. This is a realistic way for integrating
renewable energy sources in power grids while preserving stability and is based on
applying control techniques that produce virtual inertia and damping by mimicking

the behavior of synchronous generators.

2.5 Summary

Modern power systems that include RES, various types of DGs that are either
conventional and rotatory units or inverter-based generators and controllable loads
that enable demand side management strategies introduce new operational and

analysis challenges. Microgrid concept as a single controllable system that is a
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Figure 2.3: Block Representation of DG units in connection to the grid [26].
(Copyright 2008, IEEE)

cluster of loads and smaller size generation units and provides its local power
demand are reviewed in [32,33,39] to provide reliable integration of DGs and

controllable loads into power systems.

The control of a microgrid at different levels and each level in the control
hierarchy is in a different time scale. In this dissertation we focus on the following

two problem:

1 Primary control of inverter-based generators that may be the power gener-

ating units of a microgrid.

2 Framework for modeling and control of complex loads that cannot be modeled

by conventional load modeling methods.
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Chapter 3

Port-Hamiltonian Systems

3.1 Passive Systems

Consider a non-linear system in the form [49]
T =a(zr)+ b(z)u (3.1)

y = c(x)
where u,y € R™ are input and output port variables of the system and z € R"

is the system state. This system is passive if there exists an energy function

H :R" — R with H(z) > 0 for every z, such that

t
H(z(t) - H(O) < [ o (r)y(r)ar (3:2)
0
for all inputs and initial conditions and for all ¢.

This passive system satisfies the energy-balance equation in the form

H(x(t)) — H(x(0)) = / o ()y(r)dr — d(t) (3.3)

where d(t) > 01is called the dissipation function. From (3.3Passive Systemsequation.3.1.3)

we can conclude

e For an unforced system, i.e. u =0, H(z(t)) = H(x(0))—d(t), thus, H(z(t)) <
H(z(0)) that means that the energy function is nonincreasing and in presence

of energy dissipative components in the system, it is decreasing.
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e If the energy get extracted from the system by some input such as u = — Ky

where K = K7 > 0 then

t
H{(x(t1)) — H(x(0)) = —/ y' () Ky(r)dr — d(t) < —d(t) (3.4)
0
that means the energy decreases with a higher rate.

e A bounded amount of energy can be extracted from the system [56].

Hz(0) > — /0 o (P)y(F)dr + d(t) > — /0 Lyl (35)

Proposition 3.1.1. [55], page 39. If H(z) is differentiable, passivity of the system

(3.1Passive Systemsequation.3.1.1) means
V.H" (x)a(z) <0 (3.6)

and

c(x) = " (2)V H(x) (3.7)

If H(z*) = 0 where x* is the equilibrium state and H(z) > 0 for z # z* and d(t) # 0
then (3.1Passive Systemsequation.3.1.1) is asymptotically stable at z = z*. For
lossless system i.e. d(t) = 0, (3.1Passive Systemsequation.3.1.1) at x = z* is stable

but not asymptotically stable.

3.2 Port-Hamiltonian System

Dynamical systems may be perceived as devices to transform energy. In this case,
to study its behavior, a complex, nonlinear, multi-physics dynamical system can be
decomposed into simpler energy transforming subsystems interconnected by ports.
Adjusting the behavior of the system can be achieved by manipulating the overall

energy of the system through adding another dynamical system to the main plant
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as the control process and using the interconnections. Due to the fact that energy
is a fundamental physical concept, this modeling scheme is applicable in various

types of energy such as electrical, mechanical, thermal and so on.

A physical system can be described by a power preserving interconnected
set of energy storing elements, energy dissipating elements and ports to interact

with other systems.

A specific form of energy systems is the so-called port-Hamiltonian formu-
lation that provides a general way for modeling, analysis and control of dynamical
systems. Port-Hamiltonian formulation is an effective and systematic method to
model, analyze and control advanced power systems [47], [15]. In this formulation,
a Hamiltonian function is defined for each subsystem of the overall system and
the subsystems are interconnected by input/output ports that transfer power. A

general port-Hamiltonian system has the form,

&= (J(z) = R(z))VH(z) + g(z)u
(3.8)
y=g' (x)VH(z)
where H : R" — R is the Hamiltonian function, J(z) is the interconnection matrix,
R(x) is the dissipation matrix and € R™. The interconnection and dissipation
matrices satisfy the following conditions, J(z) = —J%(z), R(z) = RT(x) and
R(x) > 0. uw € R™ and y € R™ are the input and output port variables. The
input and output variables are conjugated and their product is power. The Hamil-
tonian function is often the stored energy of the system and the term VH (z) is its

gradient with respect to state variables of the system. The time derivative of the

Hamiltonian function is,

H(z)=VH"(z)i = -VH"(2)R(z)VH(z) +y"u = Pp + Pr (3.9)
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where Pp is the dissipated power and Pr is the exchanged power via the input-
output port, yTu = Pp. Therefore, we can say the rate of change in the stored
energy equals the sum of the total power exchanged through input-output ports and
the dissipated power in the system. In electrical systems, currents and voltages are
the signals at input/output ports and in mechanical systems input/output ports’

signals are forces/torques and velocities/frequency.

Many physical systems can be described in port-Hamiltonian framework.
When modeling a complex system, each element is viewed as a device to transfer
energy and can be presented in port-Hamiltonian formulation and then connected
to the other elements by its input-output ports. The total port-Hamiltonian model
has a Hamiltonian function that is equal to sum of the Hamiltonian functions of

all individual components.

Example 3.2.1. Two Port-Hamiltonian system’s interconnection

Consider two port-Hamiltonian systems described by,
Z).fl = (Jl(.Ij) — Rl(.Il))VHl(Il) + 91<I1)U1 + 61((1]1)1]1 (310)

y1 = g1(21) ' VH (21)

and

Ty = (Jo(w2) — Ro(x2)) VHy(22) + go(w2)us + ez(x2)v2 (3.11)
Y2 = ga(w2)" V Hy(xs)

where u; and us are input ports and v, and vy are the control or disturbance inputs.

With the interconnection law y; = wus and u; = —ys the overall Hamiltonian
function is H(z1,22) = Hi(z1) + Ha(x2) and VH(z1,19) = VH: (1) . The
VHQ(ZEQ)
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Hamiltonian representation of the overall system is,

[i‘l} = (J($1, 562) - R($1, l’2))VH(IL’1,$2) + E(:Ul, x2)v (3'12)

Ty

3.2.1 Park-Transformation

Signals in a balanced three phase power system in steady state have the form,

x = [Xcos(0(t)) Xcos(0(t) — &) Xcos(6(t) — 4—“)}T (3.13)

where 0(t) = 0,(t) + 0y = w,t + 0y and w, is the nominal frequency. The Park-
transformation [18] maps the 3-phase network dynamical equations into a rotating

framework. Let T'(6,) be the Park-transformation matrix [18],

5 cos(wyt) cos(w,t — %”) cos(wyt — 4?“)
T(6,) = \/; sm(lwrt) sm(wrlt — 2%) sin(wrf — 4%) (3.14)
V2 V2 V2

and let z = T'(6,)x be a transformed coordinate. Consider a linear system of the

form,

©(t) = Az(t) + Bu(t) (3.15)
y(t) = Cx(t) + Du(t)

where A € R¥3, B c R¥3, C € R¥3, D ¢ R33
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Proposition 3.2.1. Assume that A, B, C' and D commute with 7'(f,). Then

z(t) = T(0,)z(t) satisfies the equation,
z(t) = (w,N + A)z(t) + Bu(t) (3.16)

y(t) = Cz(t) + Du(t)

0 -1 0
where N = [1 0 0| and u(t) = T(0,)u(t) and y(t) = T(0,)y(t) are the input
0 0 O

and output ports in the rotating coordinates.

Proof - T7(0,)T(6,) = I and thus T-'(6,) = T7(6,).
2(t) = T(0,)2(t) + T(6,)i(t)
= T(0.)T" (6,)T(6,)x(t) + T(6,) Ax(t) + T(6,) Bu(?)
= (T(6,)T" (6,) + A)z(t) + Bu(t)
and T(0,)y(t) = T(6,)Cx(t) + T(6,)Du(t) . It is easy to see that,
77(6,)7(0,) = w. N

Thus,
T = (w,N + A)z(t) + Bu(t)
y(t) = Cz(t) + Du(t)
Remark 3.2.1. In the remainder of the dissertation we refer to the transformed

coordinates as dq0 coordinates. Note that T'(f,) is evaluated at the system fre-

quency w.

Remark 3.2.2. The matrix 7(6,) is a unitary matrix, i.e. 7(6,)T7(0,) = I.
Consequently, 77 (6)a(t) = 4" ()T (6,)T(6,)u(t) = 4™ (t)u(t).
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Remark 3.2.3. If the input to the system (3.15Park-Transformationequation.3.2.15)

is a three phase steady state signal of the form (3.13Park-Transformationequation.3.2.13)
then the input @(t) in (3.16equation.3.2.16) is constant 4. Consequently, the trans-
formed system has constant steady state given by (w,N + A)Z + Bu = 0 and the

output has the constant value y = Cz + Du.

3.2.2 Stability in Sense of Lyapunov Theory

Definition [50], page 188. Consider a continuous function V(z) : R* — R. If
there exist R > 0 such that V(z,) = 0 and V(z,) > 0 for |z — z.| < R, x # x.
we say that V(z) is locally positive definite around z,. If R — oo, then V(z) is

positive definite around z,.

Consider the dynamical system described by an autonomous differential

equation in the form,
T = f(x) (3.17)
where x € R" is the state and z( is the initial state. We say that x, € R" is an

equilibrium point of (3.17Stability in Sense of Lyapunov Theoryequation.3.2.17) if
and only if f(z,) = 0.

e 1, is stable if for each € > 0 there exist § > 0 such that if |zo — z.| < § then

|z(t) — x| < e for all t > 0.

e 1, is asymptotically stable if it is stable and if |zg—x.| < §, then lim;_,o, () =

T

Let V' : X — R be a continuous function such that [50],

e V() is locally positive definite around ..
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o If V(x) < 0 locally in = and for all ¢, then the equilibrium point z, is stable.

e If —V(z) is locally positive definite around x, i.e. IR > 0 such that V'(z) < 0
for |z — x,| < R and V(x,) = 0, then the equilibrium point z, is asymptoti-

cally stable.

Let V : X — R be a locally positive definite function such that on the compact set
Q.= {z € X:V(z) < ¢} we have V(z) < 0. Define the set S as,

S:{xEQC:V(:p):O}

then Lasalle’s principle states that if S contains no invariant sets of (3.17Stabil-
ity in Sense of Lyapunov Theoryequation.3.2.17) other than = = x, then z, is

asymptotically stable [50].

3.3 Singular Perturbation Theory

Singular Perturbation Theory [11] can be used to study the behavior of a two-time

scale dynamical system such as
= f(x,z,€), x(ty) =xo (3.18)

€2 =g(x,z,€), z(ty) = 20

where x € R" is the slow state variable vector, z € R™ is the fast state variable
vector and 0 < € < 1 is the perturbation parameter that is mostly related to the
ratio of fast to the slow time constants. In the limit ¢ — 0 the dynamics of the
fast subsystem are assumed to converge to a steady state value characterized by

the relationship g(z, z,0) = 0 resulting in zZ = ¢(x) and the reduced system,
&= f(z,z) = f(z,¢(z)) (3.19)
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As a large power system contains various components and interconnections
in different levels, its dynamics involves wide time span responses. There are

various physical observations of time scale differences in power systems.

While performing stability analysis, including all the time scales requires
complex computations and it is difficult to interpret results. However, due to wide
time scale span of power systems dynamics, singular perturbation theory is ap-
plicable in many power systems stability analysis and control designs. Applying
singular perturbation theory in a power system, reduced models with different
approximation degrees may be developed. Chow et al. in [11] illustrates some
applications of the stated time scale separation technique in power system model-
ing. Singular perturbation theory provides a systematic way to obtain simplified

models of power systems components that have two time scales dynamics.

In a synchronous machine, inertia in the rotatory part of the sysyem results
in slower dynamics compared to the electromagnetic dynamics. This physical fact
and application of singular perturbation theory is the foundation of traditional
automatic generation and voltage control of synchronous generators. In control of
a synchronous generator it is assumed that for small changes active power depends
only on internal machine angle, i.e. active power is independent of generator ter-
minal voltage. On the other hand, the terminal voltage of synchronous generator is
regulated by excitation voltage and therefore is dependent on generator’s reactive
power (see section 4.4Generator Controlsection.4.4). This means that for small
changes, frequency and voltage can be modeled, analyzed and regulated indepen-
dently. Excitation voltage control is fast acting and the transients in excitation
voltage control do not have considerable influences on the slow acting power fre-

quency control [38].
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In large power systems, inter-area power transfer results in slower oscillation
of groups of machines as compared to individual machines. This phenomenon is
called “slow coherency” and is caused by relative strength of internal and external
(in each area of machines) connections and is the basis for a coherency approach for
obtaining a reduced model of power system. In this approach, first slow coherent

machines that can be grouped are identified then a reduced model is constructed

11].

Various studies have developed efficient implementations of composite con-
trol strategies of singular perturbed systems such as feedback control designs that
preserve the time scale structure of the system. In these approaches the fast con-
troller is often designed first to stabilize the fast dynamics of the system and then
the proper stabilizer for the slower dynamics is designed [27]. In a sequential proce-
dure the slow controller is an inner control loop designed to stabilize the modified

slower system while the frequency value of the fast controller is assumed to be

zero [27,29].

In a modern power systems such as microgrid that contains predominately
inverter-based generation the natural time scale separation in traditional power
systems no longer exists and it may be necessary to include all dynamics of the
system in stability and performance analysis. This requires a different approach
to modeling and analysis. The port-Hamiltonian formulation discussed in this

dissertation is one such approach.

3.4 Control of Port-Hamiltonian Systems

Different from the traditional signal-processing approach for designing a controller,

in energy perspective, the effect of a controller can be seen as a dynamical system
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interconnected to the main system to modify its behavior through changes in the

energy of the closed loop system.

In signal-processing controller design, the control objectives are rejecting
the effect of disturbance inputs or uncertainty in inputs and plants and keeping
errors in certain signals small. There is no systemic approach in designing a con-

troller for a nonlinear system in signal-processing platform [40,56].

In energy-based approach we concentrate on how a system behaves and
interacts with its environment. Therefore, we can see a controller as another system
that imposes the desired behavior on the closed loop system. The main system and
its controller perceived as dynamical systems formulated in the port-Hamiltonian

framework can be interconnected through power preserving interconnection laws.

Passivity-based Control (PBC), is a controller design methodology that was
introduced by Ortega and Spong (1989) and achieves stabilization by shaping the
energy of a passive system (3.3Passive Systemsequation.3.1.3). The control objec-
tive of PBC is to achieve a total storage function that is minimum at the desired
equilibrium point [42]. For system (3.1Passive Systemsequation.3.1.1) applying the
control law u = v + B(x), the energy of the closed loop system (Hy(z)) is shaped

to be minimum at a desired state,

Hlo(t)) — Hy(a(0)) = / o7 (r)y(r)dr — dat) (3.20)

where dy(t) is the dissipation of the closed loop system, i.e. if there is a function
H,(z) such that,

— [ty = Hutete) + (321
then with the control law u = v + f(x) the map v — y with energy Hy(z) =

H,(z) + H(z) is passive where H, is Hamiltonian function of the controller [40].
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3.4.1 Interconnection and Damping Assignment (IDA) Control

To achieve overall system stability, we shape the energy of the system to a desired
function that is positive semi-definite and whose time-derivative is non-positive
for any initial condition. Interconnection and damping assignment passivity based
control is a method for adjusting the behavior of a nonlinear system. Using this
technique we can assign a desired energy function and structure to the closed
loop system [41]. The desired energy function has minimum value at the desired
equilibrium point and the interconnection and damping matrices are assigned to
provide the approperiate control law [41], [42]. Galaz, Ortega, et al. in [16] apply

this methodology for designing the excitation control of synchronous generators.

The IDA methodology [42], considers a system of the form,
= f(z)+ g(x)u (3.22)

Assume there exist matrices g (z), Ja(z) = —Ja(z)T, Ra(z) = Ry(z)T and a

function H,; : R™ — R that satisfies the PDE
g () f(x) = g~ (x)(Ja(x) — Ra(x))V Ha() (3.23)

where gt (z) is a full-rank left annihilator of g(x), that is g*(x)g(z) = 0, and Hy(z)
is such that
x, = arg min Hy(x) (3.24)

with x, € R" the equilibrium to be stabilized. Then, the closed loop system with

u = B(z), where

B(x) = (9" (2)9(x)) 9" () (Ja(x) — Ra(x))VHa(z) — f(2))

takes the form,

& = (Ja(x) — Ra(x))VHyg (3.25)
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with z, a (locally) stable equilibrium.

Solving (3.23Interconnection and Damping Assignment (IDA) Controlequation.3.4.23)
in general is not an easy task. The main difference between the classical PBC and
Interconnection and Damping Assignment PBC is in the design process. In classi-
cal PBC, first the desired energy function is selected then a controller that ensure
this overall energy function is designed. In IDE PBC strategy, as explained, the
closed loop energy function is obtained by solving (3.23Interconnection and Damp-
ing Assignment (IDA) Controlequation.3.4.23) for the desired interconnection (.J)

and damping (R;) matrices [42].
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Chapter 4

Port-Hamiltonian Systems and
Power System Modeling

4.1 Port-Hamiltonian Systems’ Application in Power Sys-
tem Modeling
An electrical power system is a composition of large number of electrical subsystems

that are interconnected through appropriate topological interconnection laws.

As an object-oriented modeling, port-Hamiltonian formulation is used to
model elements of power systems. Therefore, port-Hamiltonian framework pro-
vides a unified and systematic platform for expressing the dynamics of power sys-

tems’ components and implementing performance and stability analysis.

Remark 4.1.1. Throughout this dissertation, we use the notation

(431 aq 0 0
col(ay,as,.) = |az| and diag(ai,as,.) = | 0 ay O[. Furthermore, “0” and “I”
0 O

are zero and identity matrices, respectively, whose sizes are compatible with the

equation they appear in.

Example 4.1.1. Transmission Line: m model

To formulate the © model of the line in Fig. 4.1The 7 line modelfigure.4.1 in port-
Hamiltonian framework, the states are chosen to be [15,47], x = col(q1,qz, ¢),
where q; and qz are the vectors of shunt capacitors’ charges at the two ends of the
line and ¢ is the vector of the flux passing through the inductor. The Hamiltonian
function is defined as, Hye(q1,qz2, @) = %XTM’IX, where M = diag(Cy,Cy, L)
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and C7, Cy and L are diagonal matrices of the line capacitance and inductance
values. The gradient of Hamiltonian is, VHy.(x) = col(C; qy, Cy 'qa, L7 ) =

M~'x = col(vy, v, 1).

The port-Hamiltonian model of the line is,

X = (Jl’me - Rline)VHline + GlineWiine (41)
v
y = ggneleln€<X) — |:V1:|
2
-1 0 0 0 I
where, gine = | 0 I|, Jiine=10 0 —I| and Ry,e = diag(G1, G2, R). The
0 0 -1 I 0
input ports’ signals are the injected currents at the two nodes, i.e. e = 11 .
2

Expressing (4.1equation.4.1.1) in form of (3.15Park-Transformationequation.3.2.15),
the matrices A, B, C' and D are as follows,

A = (Jiine — Riine) M, B = gine, C = gt M~ D = 0. We define the new
coordinates, ¢1 = T(0;)ax, g2 = T(0,)az, ¢ = T(0;)p, vi = T(6,)v1, vo = T(6;)va,
il . ' o T(Qr) 0 ] ! . . .

LJ = Upjne = [ 0 T, Wine, Y = e Then the line dynamics in dq0

coordinates is,

i = (w.N + A)x + Buf(t) (4.2)

where N = diag(N, N, N), x = col(q1, g2, ). For a constant input u = T'(f,)u the
state has a steady state value # = (w,N + A)~'Bu and output § = CZ. In dq0

(z—2)' M Yz—1Z).

coordination, we define the Hamiltonian function, Hj,.(x) = %

The above function is shifted to the equilibrium point z. We can rewrite the port-

Hamiltonian model of the line in the new coordinates,
T = (Jline - Rline)leine(x> + GlineUline (43)

V] — U

Vg — Uy
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gl

Figure 4.1: The 7 line model.

where Z = col(q1, G2, @) is the equilibrium point and ¢, = C191, o = Cavp and

¢ = Li,
w,,NC'l 0 I . =
Jline = 0 UJT’NCQ -1 and Rline = Rlin67 Uline = |:Zl B “:| .
1 I wNL 2

Remark 4.1.2. Unless otherwise stated, we assume that all the signals in the

remainder of this dissertation are expressed is dq0 coordinates.

Example 4.1.2. Transmission Line: T model

To formulate the T model of the line in Fig. 4.2The T line modelfigure.4.2 in port-
Hamiltonian framework, the states are chosen to be x = col(¢1, ¢2,q), where ¢
and ¢, are the vectors of inductance’s fluxes and q is the vector of the middle
capacitor’s charge. The Hamiltonian function is defined as, Hye(¢1, ¢p2,q) =
sx'M~'x, where M = diag(Ly, Ly,C) and Ly, Ly and C are diagonal matrices
of the line inductance and capacitance values. The gradient of Hamiltonian is,
VHyine(x) = col (L7 1, Ly 1, O71q) = M~'x = col(iy, iz, vi).

The port-Hamiltonian model of the line is,
X = (Jl’me - Rline)leine + GlineWline (44)

i
y = gl’{neleln€<X> - |:'1:|

12
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-1 0 0 0 I
where, giine = | 0 I|, Jyne= 10 0 —I| and Ry = diag(Ry, Ry, G). The
0 0 —I I 0
input ports’ signals are the enforced voltages at the two nodes, w;;,. = Xl .
2
Expressing (4.4equation.4.1.4) in form of (3.15Park-Transformationequation.3.2.15),
the matrices A, B, C' and D are as follows,
A = (Jiine — Riine) MY, B = gine, C = gt M~ D = 0. We define the new
Coordinates, ¢1 - T(6T)¢17 ¢2 - T(QT)¢27 q= T(Q'I’)CL il - T(e’r)ila iQ - T(QT)i27
U1 o ' o T(Q,«) 0 ] . il . . .
L}J = Uline = { 0 T(6,) Wine, Y = 0| Then the line dynamics in dq0
coordinates is,

&= (w.N + A)x + Bu(t) (4.5)

where N = diag(N, N, N), x = col(¢1, ¢2,q). For a constant input @ = T(,)u the
state has a steady state value # = (w,N + A)~'Bu and output § = Cz. In dq0
coordination, we define the Hamiltonian function, Hype(z) = 3(z—2)" M~ (z—2).
The above function is shifted to the equilibrium point z. We can rewrite the port-

Hamiltonian model of the line in the new coordinates,
T = (Jline - Rline)leine(x) + GlineUline (46)

i — 1
Y= ggneVHline<x> - |:-1 o .1:|
19 12
where Z = col(¢1, d2,q) is the equilibrium point and ¢, = Lyiy, ¢ = Laiy and

q=Cy

w.NL, 0 I L
Jline = 0 WTNLZ —I and Rline = Rlin67 Uline = |:U1 . ,UI:| .
—I I wNC S

Remark 4.1.3. In the m model of a line the input port variable is current and
the output is voltage. Consequently, the 7 line model would be connected to a

source whose output is current, i.e. a “current source”. On the other hand, the
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Figure 4.2: The T' line model.

input port variable for the 7" model of a line is voltage and thus the T' line model

¢

would be connected to a source that is a “voltage source”.

Example 4.1.3. Network

The port-Hamiltonian model of an electrical network of interconnected 7 lines as in
Fig 4.1The 7 line modelfigure.4.1 in presented in [47]. The lines’ interconnection
matrix is D € R"¢*" where n¢ is the number of capacitors and ny, is the number

of inductors in the network. The capacitors’ charges Q(t) € R,,.. and the inductors’
Q(?)
(1)

the network is a quadratic function of states:

fluxes ¢(t) € R,,, are the states z(t) = [ } and the Hamiltonian function of

) = 30| 00

where C'; L and R are the diagonal matrices of capacitance, inductance and re-
sistance values of the network, respectively. The port-Hamiltonian model of the

network is:

{QW} = (J = R)VH(Q(1), 6(t)) + [I"Cg"c 8} i)

i) = [P ] wHG(0) =) (4.7
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L™'o(t) i1(t) g x1 -DT 0
in the above formulation are three phase sinusoidal signals. Applying the Park

where VH(z(t)) = [C_IQ(“} - {”“)”C“} and J = { 0 D} The signals

transformation (section 3.2.1Park-Transformationsubsection.3.2.1) to the dynamic

equation (4.7equation.4.1.7) the transformed states are,

z=T(6,) [¢%)] N b%)}

where T(6,) = (T(6,), ..., T(6,)). The interconnection matrix,

. - 1C 0
J=w.N {O L] +J
where N = (N, ....,N). the damping matrix is unchanged, i.e. R =R.
———
NeXNp,

Example 4.1.4. Synchronous Generator Port-Hamiltonian Modeled as Current
Source

In this section we briefly review the dynamic equations of synchronous generator
and demonstrate that it can be viewed as a dynamic voltage controlled current

source.

The swing equation of a synchronous generator describes the rotational
dynamics of the machine

Ji =T, —T. (4.8)

and we also have,

éd = w (49)

In the equation above, T,, is the input mechanical torque and 7. is the electrical

torque. When the frequency is regulated to its nominal value w = w,., T, = T,,.
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The electrical equations of synchronous generators for the a coordinate (b

and ¢ coordinates are similar) are
/\a = Lsia - Msib - Msic + MfCOS(Qd)if = (LS -+ Ms)ia + MfCOS(Qd)if

and the terminal voltage for phase a,

, dX,
Vg = —RsZa - E

Here, ), is the flux linkage of phase a and 6, is the angle between generator a axis

and d axis of its rotor. The angle between the d axis and b and ¢ generator axes

are 6, — 2?” and 6, — %’r, respectively. The field (rotor) circuit satisfies

2 4
Ap = Lysiy 4+ Mscos(0q)iq + Mycos(6q — %)ib + Mycos(0q — g)zc

and
) dX
vp = Rf@f + d_tf
Af

[/\a A Ae /\f}T, etc. and transform the resulting system into a rotating coordi-

: : : : L A
We collect the above equations into a vector differential equation, i.e. { “bc] =

nate system defined by the system frequency w,. Note that the field variables are
not transformed. The system equations in a port-Hamiltonian formulation have

the form (see, e.g. [47])

A= (J(w) — R)VH(N) — M(w,)i — @ (4.10)

— (N(w,) = R)VH(\) — o

where the Hamiltonian function is defined as
_ 1o e
H(\) = 5)\ L™\ (4.11)
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and v = [_vt } , Ut is the generator terminal voltage and vy the field voltage. The

system matrices in (4.10equation.4.1.10) and (4.11equation.4.1.11) are

0 —(L,+M,) —\/ngsm(Ae)
N(wr) = w; Ly, + M, 0 \/ngcos(AQ) ’
0 0 0
_ 0 _<Ls + Ms) 0
J(wy) =w, | Ls+ M, 0 0],
0 0 0

0 0 —/3Mysin(A0)
M(wr) =wr g ¢ \/ngcos(AQ) ’

00 0
T (Ls + Ms)[ Lfm - RsI 0 o 3 . T
L = e, L] R = 0 R,| Ly = \/;Mf [cos(AB)  sin(A)]

where )\; is the vector of armature flux, Ly and M, the armature self inductance
and mutual inductance, Ly is the field coil self inductance and M; is related to
the armature and field mutual inductance, A0 = 0, — 04, 0 = wt + 049, 0, = w,t,
040 is the “initial” generator angle. In the above model, the output is

y=-VHQ\) =— m (4.12)

!

We note that due to that fact that 0 element in the transformed of three phase
balanced signals in dq0 coordinates has null value, in the above formulation we have
dropped the “0” coordinate in dg0. Evaluating (4.10equation.4.1.10)-(4.12equation.4.1.12)

in steady state gives the steady state model of the synchronous generator,
is = (N(w,) - B)™, (4.13)

i.e. in steady state the generator has the form of a voltage controlled current

source.
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One control goal of typical generator controllers in power systems is to reg-
ulate the generator terminal voltage. We can rewrite the steady state relationship
as

vs = (N(w,) — R)ig (4.14)
We note that this relationship does not directly correspond to the synchronous gen-

erator dynamical system, i.e. the role of the dependent (output) and independent

(input) variables has been interchanged in the steady state relationship.

Remark 4.1.4. Conventional voltage source models of synchronous generator

(voltage source behind reactance) are based on the inverse relationship (4.14equation.4.1.14).

Example 4.1.5. Synchronous Generator Port-Hamiltonian Modeled as Voltage
Source

We are interested in developing a dynamic voltage source, i.e. a causal system
that mimics the synchronous generator that has current as input and voltage as
output. One such system is a so-called electrostatic generator which is essentially
the dual of a synchronous machine [17,34]. In particular, consider the machine in
Fig. 4.3Electrical Circuit of Three-phase Electrostatic Generatorfigure.4.3 which

has mathematical description for the a-phase
Go = C5vy — Crvp — Crve + Nycos(0q)vy = (Cs + Cry)vg + Necos(8q)vs
where ¢, is the charge of phase a and
la = =G5V — qa

where the b and ¢ phases are described by similar equations with phase differences
—%” and —%’T. The “field” equation has the form

qr = C’fvf + CZ;Uabc
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where Cpy = Ny [cos(04) cos(0q — 2)  cos(0a — )] " In three phase vector for-

mat we have

Gabe = (Cs + C(m)vabc + Orsvf
Z.a,bc = _Gsvabc - q.abc
iy =Gyrup+ 4y
We note that in this model Cj is self capacitance while C,, and C,, are mutual
capacitances. After transferring all the signals to rotational coordinates at the
system frequency w,
qu = _Gs@t + Nqu - zt
Gy = =Gyvy +iy
where C/.T = \/ng [cos(AG)  sin(AG)], 7= [qq, qf}T. Define the Hamiltonian
function as the total energy stored in the capacitors, i.e. H' = %QTC’_lcj, then the
dynamics of electrostatic generator
¢ = (J'(wr) = R)VH'(q) + gi (4.15)
v=g ' VH'
~  rp 4T —1 0] _ _ T 1-
where i = [i{ if], g= [0 1}, v=[-vf v ,VH =C"q.

o [(CS +C)l 0;5}

a.l G
-G, —(Cs + Cp)wy —\/ngwrsin(AG)
J’(wr) ~ R = (Cs + Om)wr _GS \/ngwTCOS(AQ)
0 0 el

As in the synchronous generator model we have dropped the “0” component of dq0

signals. The rotational dynamics for the electrostatic generator are identical to
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those of the traditional synchronous machine. In steady state the system equation

(4.15equation.4.1.15) takes the form,
vy = —g ' (J'(w,) — R)) i, (4.16)

i.e. it is a current controlled voltage source. It is of interest to investigate under
what conditions steady state output (4.16equation.4.1.16) corresponds to the non-
causal steady state relationship (4.14equation.4.1.14). In practice if we equate

equations (4.16equation.4.1.16) and (4.14equation.4.1.14), resulting in

1 Rs Ls Ms Mf
Gi=—,G="2,C=—"2,Cp=—-—2,Ny = —
"R K KT RVE

R, K
where K = (L, + M,)?w? + R2. We note, in particular that the inductance values

are negative which corresponds to the fact that (4.14equation.4.1.14) corresponds

to an anti-causal machine.

For various technical reasons the electrostatic generator described earlier
cannot be built as an efficient power generator. There are however, several appli-

cations of such machines as MEMS devices [22,28].

4.2 Load Models

As loads play an important role in the analysis of voltage instabilities in power sys-
tems, aggregating proper load models in stability analyses is crucial [20]. As static
load models are not sufficient for these analyses, dynamic models are required. In
this section we review the port-Hamiltonian model of constant impedance loads [47]
and express the dynamics of induction motors in port-Hamiltonian formulation.
Furthermore, we propose a port-Hamiltonian model for Constant Power Loads

(CPLs). As a starting point we note that any port-Hamiltonian load model has
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a

Figure 4.3: Electrical Circuit of Three-phase Electrostatic Generator.

the standard form,
&= (J(x) — R(x))VH(xz) + By, + Eu (4.17)

iy = BTV H(z)

where v; and ¢; are the load terminal voltage and current. H(z) is a Hamiltonian
function, J, = —JT(z) and R, = RT(x) > 0 are appropriately chosen intercon-
nection and damping matrices, and u is an external input variable that can be a
complex function of the system state, terminal variables and other external vari-

ables.

4.2.1 Constant Impedance Load

Considering the port-Hamiltonian model of the inductive load shown in Fig. 4.4The

inductive load modelfigure.4.4, we select ¢;, the vector of the inductive load flux
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Figure 4.4: The inductive load model.

as state variable for the Hamiltonian function as [47],
L R S DR
Hipaa = 2(¢z Lyiz)" Ly (90 — L) (4.18)

where L; is the load inductance and %5 is the load current at an equilibrium point.

The load flux at the equilibrium is, ¢; = L;i,. The port-Hamiltonian model is,
T = (Jload - Rload) VJq’load + GloadUload (419>

T . -
y = gloaduload =12 — 12
where Jj,0q and R;,.q are the load interconnection and dissipation matrices, respec-
. o _ i T _
tively. Here, Jjpqqa = w,NL; and Rjpeq = R; and it is easy to see that J;, ;, = —Jioad

and R;";ad = Rioaq- Finally, gioaq = I and wupeq = vo — U, Where vy and vy are the

vector of load voltage and its steady state value.

4.2.2 Induction Motor Load

The electrical equations of phase a of stator and rotor of a doubly fed induction

generator in sinusoidal three phase are,

1 1
)\sa == (lls + lms)isa + (_ilms)isb + (_élms)isc (420)
2 4
+Mcos(0,)irq + cos(6, — ?ﬂ)i,ﬂb + cos(6, — %)im]
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1 1
Mra = (L + lns)ira + (—ilms)iﬂ, + (—ilms)irc (4.21)

2 4
+M{cos(0,)isq + cos(6, — ?ﬂ)isb + cos(0, — g)isc]

The same equations can be written for the other coils of the stator and rotor. In
all the formulas, rotor variables are returned to the stator side. The voltage drop

for the coil a of stator and rotor

dAsq
Vsa = Rsisa + dt (422)
dArq
VUpg = Ryl + 7 (4.23)
Combining all above equations gives
A= L(0,)i
A=—Ri+wv
LS LS’I"
where L(0,) = [Lg LJ
lis =+ I — s —i"; |
Ls = _ZZLS lls + lms - 753
| TSS TSS lls + lms_
lms lms 7]
llr —i; lms ) - l D)
Lr - lTSS llr —i; lms - 755
e

cos (0, — 4?#) cos(6r) cos(6, — %T) 0 (t) = () + 0,
cos(0, — %’T) cos(0, — 4%) cos(0y)

Rs 0 o /\S . Vs - 7:8 )
R = [ 0 RJ}’ A= |:)\r:|’ v = [ } and i = { } where the subscript s and

T (s

[ cos(6;) cos(6, — %) cos(0, — %)
I

r are denoted to stator and rotor, respectively. The transformation matrix for

transforming the above equations to stationary frame is,

T(Q4) 0
T:[ 0 T(Qrt)} (4.24)
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where Q, = Q, + AQ, Q, is rotor frequency and () is stator frequency. A} is a

fixed design value chosen as desired slip. The equations in dq0 coordinates are,

s QN 0] .
Lr] = [ 0 QTN] Li—Ri+v (4.25)
o e [L L] - 3l,ms
L — TTL(@T)T = |:[_/Z; Er 5 Ls — (lls + 2 )]
3l _ 3l
L= (L + 22, L, =227
QN 0 ];_ [QNL, QNL,
0 QN|" |QNLT Q.NL,
B QO,NL, QNL,,
QL+ AQNLT (Q, + AQ)NL,
_ 0 0
= SLNL+ [AQNLQ AQNLJ

— Q,NL+ M(AQ)

and 2, = w,.

The port-Hamiltonian model of a doubly fed induction generator has the form,

FS] = (W, NL — R)i — M(AQ)i + (4.26)
yg=1 (4.27)
The Hamiltonian function for the model is H = %S\Tffl/_\ and its gradient is

VH = L™'X\ =i. We note that if we include the AQ dynamics the motor model

has the general port-Hamiltonian form of a load.

4.2.3 Constant Power Load

CPLs that consist of solid-state self-regulated power electronic devices are increas-

ing in power systems. The strong nonlinear behavior that CPLs introduces new

47



challenges in dynamical studies of power systems. Due to the fast dynamics of
CPLs the application of standard singular perturbation theory (section 3.3Singu-

lar Perturbation Theorysection.3.3) for neglecting load dynamics is not valid.

Allen and Ilic in [2] show that applying a static or slow dynamic model
for PQ loads while including the transmission line dynamics results in instabilities
around the desired load flow solution. A simple dynamic representation of CPLs

can be found in [1,2,43],
1
1= — | P — — 4.28
0= [P - 1] (4.28)
where P,.s is the constant real power that load is expected to consume, g is the
conductance value of the load and its conductance matrix is as G = gl and 14; is

the load port current in dg0 coordinates. The PQ load model in [2] includes a

dynamic susceptance part (B) for an admittance in the form G + jB as well.

The CPL dynamics in (4.28Constant Power Loadequation.4.2.28) for a rela-
tively long time constant behaves as a constant impedance load. As is shown in [2]
there is a critical value of 7 for which the system obtain from the load (4.28Con-
stant Power Loadequation.4.2.28) connected to a transmission line becomes un-
stable. Consequently for short time constants, the CPL model in (4.28Constant
Power Loadequation.4.2.28) results in instabilities and therefore, this model is not
a good representation of CPL dynamics where time constants are typically very

small.
At the load input terminal, CPLs acts like a negative incremental impedance.
For constant power of the load, the current and voltage at terminals,

Pref
|vi]

| = (4.29)
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by (4.29Constant Power Loadequation.4.2.29)the voltage drop causes increase in
the current. Therefore, to study small signal stability, some papers apply a negative
impedance model for CPLs. This equiavalent impedance of CPLs may be used in

impedance-based small signal stability analysis [44, 45, 53].

Proposed Constant Power Load

A model for Constant Power load is proposed in the standard port-Hamiltonian
formulation,

&= (Ji(z) — R(x))VH(z) 4+ v + Eu (4.30)
y=1y = Iz
where the Hamiltonian function is,

H(z) = %SBTH[E (4.31)

where R;(z) is symmetric positive semi-definite, J;(z) is skew symmetric, IT =
7 > 0. The control variable u is the output of a controller that regulates the
active power, e.g.

w=C(s)(Pruy — P) (4.32)

the power P in the above formulation is P = i v; where i and v are the output and
input ports of the CPL port-Hamiltonian model. Fig 4.6Block diagram of the pro-
posed CPL modelfigure.4.6 shows the designed block diagram of CPL. The control
law C(s) in (4.32Proposed Constant Power Loadequation.4.2.32) is chosen so that
P(t) = P..y when v; is at any steady state value. The matrices in (4.30Proposed
Constant Power Loadequation.4.2.30) are chosen by identification of the dynamics
of the load being modeled. For illustrative purposes we performed a simulation for

the above constant power load model. The matrices in our model are constant and
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Figure 4.5: Constant power load.

the controller for the chosen load is selected as a PID controller. Fig. 4.7The active
power of CPL when there is a 20% drop in its terminal voltagefigure.4.7 shows the
output power of CPL when there is a voltage drop of 20% at the load terminal as
seen in Fig. 4.8A 20% drop in terminal voltage of the modeled CPLfigure.4.8.

The reactive power at the load terminal is,

Q=1i"Nv (4.33)
0 -1 0

where N is as before [1 0 0|. In the proposed load model (4.30Proposed
0 0 0

Constant Power Loadequation.4.2.30) at steady state we have,
0 =i N(Ji(zs) — Ri(zs))VH(z,) + i, Ny, + i NEu, (4.34)
T . .T o
=14, NJy(xs)is, + Q + 4 NEug = 0

For simplicity assume J; = aN for some constant o (note that in dg coordinates

J; always has the form J, = w, N + J; where J; is skew symmetric). In this case,
Q = —aliy,|* — i, NEu, (4.35)
and the second term in (4.34Proposed Constant Power Loadequation.4.2.34) is,

i NEus = if NEC(0)(Prey — Ps)

20



For good regulation of active power this term is relatively small.
The active power can be written as,
P = |il|v|cos(0) (4.36)

where for a load, cos(f) is the power factor. If P..; > 0 we must have cos(f) > 0

and thus 6 € [ z E}. Consequently,

T 202
dli| I
O|v| |v|2cos(0)

which agrees with the statement that the negative impedance claim in [44,45,53].

<0 (4.37)

If we look at the reactive power for 6 € [—%, %] we see that for 6 € [—g,O],
Q = i||v|sin(f) < 0 i.e. the system looks like a capacitive load while for 6 € [0, Z],

) > 0 and the load looks inductive.

Note that in (4.30Proposed Constant Power Loadequation.4.2.30) for a > 0
we have from (4.35Proposed Constant Power Loadequation.4.2.35) that @ > 0
while for a < 0 we have @) < 0. Thus (4.30Proposed Constant Power Loadequation.4.2.30)
can be selected to produce capacitive or inductive type of load by choice of the
interconnection matrix J;. Fig 4.9The reactive power of the modeled CPL for
different values of afigure.4.9 illustrates the reactive power of the modeled CPL
for different values of a that model inductive (@ > 0) or capacitive (@ < 0) or

resistive (Q = 0) loads.

4.3 Passivity of inductive loads and network

The Hamiltonian function for a system that includes inductive loads and network
(example 4.1.3exmp.4.1.3 and section 4.2.1Constant Impedance Loadsubsection.4.2.1),
has the quadratic form

H,(z,) = ~ol Mz, (4.38)
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Figure 4.6: Block diagram of the proposed CPL model.
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Figure 4.7: The active power of CPL when there is a 20% drop in its terminal
voltage.
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Figure 4.8: A 20% drop in terminal voltage of the modeled CPL.
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Figure 4.9: The reactive power of the modeled CPL for different values of a.

where x,, includes the fluxes of lines and inductive loads and charges of capacitors

and
ct o 0
M=1|0 L7 0
o o0 L

We can rewrite this system in the form
Tn = (Jo(Tn) — Rp(xn)) Mz, + gn(xn)uy + €,(x)vp (4.39)

Evaluating inequality (3.6equation.3.1.6) in proposition 3.1.1prop.3.1.1 for (4.39Pas-

sivity of inductive loads and networkequation.4.3.39) gives,
VH! (2,)(Jo(2n) — Rp(xn)) Mz, = —2f MR, (2,) M, <0

and (3.7equation.3.1.7) also holds for port-Hamiltonian system (4.39Passivity of
inductive loads and networkequation.4.3.39). Therefore, system (4.39Passivity of

inductive loads and networkequation.4.3.39) is passive.
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4.3.1 Incremental system of inductive load and network

Let 2% be an equilibrium state of the system (4.39Passivity of inductive loads and

networkequation.4.3.39) and define the incremental variables,

?jn =Yn — y;;
We know that at the equilibrium state x, we have,

(Jo — R,)VH,(x)) + gouy, =0 (4.40)

Remark 4.3.1. For the system consisting of inductive loads and network the

interconnection and damping matrices are constant.

Since H,, is in the form (4.38Passivity of inductive loads and networkequation.4.3.38)

we easily get

VH,(,) = VH,(z,) — VH(z7)

and, consequently,

Furthermore,
T, = ‘%n = (Jo — Rn) (VH,(Z,) + VH(27,)) + gn(tn + uy,)
and the incremental dynamics of the system are given by,

Tn = (Jo — RV H, (%) + gniin (4.42)
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Let u be the steady state value of the input u, i.e. the desired current at the
port (terminal) of generator where the generator is connected to the reminder
of the system. For this value of v there is a corresponding steady state z; of
(4.39Passivity of inductive loads and networkequation.4.3.39) (for v, = 0) given
by,

zn =M (J, — R,) " gaus,

n

where the matrix J,, — R, is in the form

[ G D 0o ... 0 T
-DT R o ... 0
_ 0 0 (wTNLloadl Rloadl) ..... 0
I — R, = 0 0 0 X
0 0 0 0
| 00 o .. (wrN Lioad,,, = Rioad,,,)

Here D € R" x R™, n, the number of nodes and n; the number of lines and ny
the number of loads. If for each load, ¢ € 1, ...., ng, Rloadnd # 0 and/or Lipga,, # 0
there is a unique nonzero solution for z; associated with the generators terminal

operating point that is scheduled by energy management control.

4.4 Generator Control

When we consider the synchronous generator system as a controlled system the
field voltage vy and the mechanical torque 7, are control inputs. In most “clas-
sical” applications the control objective is to regulate the terminal voltage, the
generator frequency and the power output (real and reactive). The most common
approach is to regulate the frequency and real power output is by adjusting the
mechanical power (torque) input 7), (this requires a model of the prime mover

that generates the mechanical torque). The terminal voltage and reactive power
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are regulated by adjusting the field voltage.

For a fixed value of w say w = w,, and rotor phase angle Afy define A =

A(Nby) = (N(wg) — RL™Y(A6y)) and consider the steady state flux equation
0= A\, — 7,
along with the design constraints

@ts - ,Utd (444)
T T .
Pes = UUts = 13 Vs — UsfUfs = Led

Qes - Zz;N@ts = Qed

where @y is the terminal voltage part of o,, 7, = L™ (Afy)\s and vyg, Pog and Qg
are the design values for the terminal voltage and terminal real and reactive power.
We can rewrite the steady state equations as
0 = A(DO)) N — 1y = A(AOY) L(Aby)zs — s (4.45)

_ - us || 1| 0

= A(Aeo)L(Aeo) |: ifs :| [ 0 :| Vg + |: 1 :| Vs
Proposition 4.4.1. For given values of the steady state rotor speed and phase
angle, w = w,, A0 = Aly, as well as terminal voltage, ;s = ¥4, and terminal
real and reactive powers, P.s = P, Qcs = Qeq there exists a (unique upto phase

shift) steady terminal current, %, and field voltage input vy,. The steady state

Vg
Ry

generator flux is given by A\, = L(/A6y) [ Zts } where if, =
fs

Proof. From the power design constraints and the terminal voltage constraint we

can (completely) characterize 7;5. Indeed, the steady state terminal voltage has

the form o}, = [Vcos Y, Vsin, O} and, similarly, the steady state ter-
minal current has the form 7, = [ Icosp; Ising; 0 } for some I and ;.
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From (4.44Generator Controlequation.4.4.44) we get P.; = VI cos(p; — ¢,) and
Qeqa = VIsin(p; — ) and thus we see that we can solve for the unknown I and

;. Consider the equation (4.10equation.4.1.10) in steady state i.e.

0= (J(w,) — RIVH) + m(w,, Abo)is — 7

we(Ly+ MN — RJ 0 .

Noting that J(w,) — R = and VH()\s) = 75 we
0 ~R;

easily get

0 = (wr(Ls -+ MS)N — RSI) s + m(WT, Aeo)lfs — Vs

0 = —Rfifs—l—vfs

where m(w,, Abfy) are the first three rows of m(w,, Afy). In the first equation
everything is known except iss and the second equation uniquely relates i, and
vss. Multiplying the first equation by 7’ (w,, Afy) on the left gives

! (wy, Ao) (04 — (wi(Ls + M)N — RoI) 1)
i |

lfs =

We finally note that the steady state flux is given by A, = L(A6y)z, where Ay =

0r — 0, is the steady state angle. O

The control problem can now be formulated as the problem of regulating
the state ) to the steady state value A, and the rotor speed and angle to the design

values w,., Ab,.

Consider the overall dynamics of the system on the form

%x — (N(w) — RL{(A0) A~ o (4.46)
d/\O
e

d 1 P,
EAW B 7(Tm_wT+Aw>
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Linearizing (4.46Generator Controlequation.4.4.46) around the equilibrium point

given by 4.44Generator Controlequation.4.4.44 gives

d
—x=Fx+Gu-+ Hd

dt
where
A(AN6Oy)  RI(Aby, 5\8) 0 i
F = 0 0 1
. a(f)ts LAGO) o b(ﬂts,Aﬂo,Xs) o C(’T)ts,Aieo,S\S)
J J J |
7 Z
HE :
“=1" 0" o H= 0
0 1 — LB g, |
AN AN
T = 00 = | AG— Ay
Aw Aw

where the control input is input is u = [

input and

00

AT

CL(T_)tS, Aeo)

b(@tsa AeOa >\s)

C(@tsa Aeﬂa >\s)

d( s, Nby)

where [(Aby, \,) = —E_l(AQO)azgﬁgO)

Al)f 1

AT while d = A7, is a disturbance

(10 — Ay)

Tm - Tesa
oL [ I 0 } L1 (A6y)
Wy

o [T 0 ]U(Ab, )

Ped

L (D),

The equilibrium point of the linearized system is at the origin, i.e. when

z =0 we have A = \; and w = wp. We note that when u = 0 we have T,, =

T
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The control objective is to regulate the state to zero for all values of the disturbance
input. If we apply a state feedback law u = —Kx to this system we get the closed

loop system

%x = (F - GK)z + Hd

Applying the Laplace transform to this equation we obtain
2(s) = (s — (F — GK)) 'Hd(s) = (s] — (F — GK)) 'Hd(s)

Clearly, in order to reject the disturbance input d the feedback matrix K should
be chosen so that the effect of the d on x is minimized, i.e. Gy, (s, K) = (s — (F —
GK))™'H should be “small”. The first component of the control law is
Avp(s) = [1 0]u(s)=—=[1 0]Kuz(s)

= —[1 0]KGal(s,K)d(s)

= C(s)d(s)
This control law has the familiar form Avy(s) = C(s)d(s) = C(s) (v, — Uyq) , i.e.
exciter control where the objective is to select the exciter control input so as to
regulate the terminal voltage to the zero. Since the terminal voltage is not a
state in the generator system but rather an external input we see that the exciter

control attempts to reject deviations of the terminal voltage from the steady state

reference value.

The second component of the control law has the form

AT = [0 1]u(s)=—=[0 1]Ka(s)

= —[0 1]KGaul(s, K)d(s) = D(s)d(s)

Consequently, deviations in the terminal voltage will result in deviations in the

net torque and thus the terminal power output. We note that if K is chosen so
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that Gy, (jw, K)) is small at all frequencies of interest the effect of variations in the

terminal voltage on the generator output (i.e. real and reactive power) is reduced.

As we discussed in Section 5.4Dynamics and Stability of Interconnected
Power System Componentssection.5.4 the stability of the overall power system
depends on the interconnection of the system components. This is a well studied
problem for the swing dynamics of interconnected generators and various stability
conditions exists for synchronous operation. Stability conditions for systems where
the time scale separation between the swing and electrical dynamics is no longer
valid has been limited to linear analysis [46]. A notable exception is [15] where
a full nonlinear synchronous generator connected to a simple load was considered

and clearly this is an open area of research.

In this section we discussed how control laws should be designed to minimize
the effect of small variations in the terminal conditions of a synchronous generator,
i.e. local control that does not have access or knowledge to a model of the rest of

the system.

4.5 Summary

In this chapter, we reviewed dynamical systems modeling and control in sense of
energy. Port-Hamiltonian systems as a class of energy based systems that can be
applied to model power system’s components in a unified approach is reviewed.
Interconnection and Damping Assignment Control as a passivity-based control

method for port-Hamiltonian systems is discussed.
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Chapter 5

Modeling and Control of Inverter-based
Generators

A disadvantage of integrating renewable energy into power systems is the very
short-term electrical storage in power electronic devices applied at their interface
with the grid. Therefore, frequency spikes resulting from transient power unbal-
ances and other incidences in the grid can be considerable. Lack of inertia when
integrating renewable energy into power systems, might cause stability problems.
As the size of generation units that are based on renewable energy resources is
often considerably smaller than conventional synchronous generators, their impact
on transient stability of power systems in lower penetration levels can be neglected.
However, when their share in power generation is considerable, their dynamic be-

havior affects the stability of the whole system [52].

Slootweg and Kling in [52] investigate the impact of various DG technologies
and their penetration level in transient stability of power systems. High penetra-
tion of DGs based on power electronic devices results in large voltage drops at
some nodes after occurrence of a fault. The conventional inverter design neglects
the power quality and is based on transmitting the maximum energy into the grid.

Therefore, to insure the desired voltage profile, a reliable controller is required.

There are various control algorithms for inverters at lower or higher orders

that mimic synchronous machines characteristics and whose goal is to help stability

61



of the system by introducing inertia, damping and other dynamic characteristics.
These control algorithms are the basis for Virtual Synchronous Machines (VSM)
[3]. VSM techniques establish the static and dynamic performance of synchronous
generators. Applying these algorithms, despite lack of any actual physical mass
of inertia, the generation units fed by renewable energy resources emulate power
response of a real synchronous generator. Virtual torque and excitation circuit in

VSM enable the grid connected inverters to regulate active and reactive power.

An inverter is a power electronic device that generates AC voltage or current
from a DC input by operating switches. The switches are controlled by a controller
that receives as input the frequency and amplitude of the desired inverter output
AC waveform. Consequently, from a higher level control perspective, the inverter
is an actuator that receives an input reference waveform and generates an output
that traces the input waveform. The inverter power electronics controller and
switches operate at a frequency that is much higher than the frequency of the

output waveform.

The inverter output waveform is generally speaking a piecewise continuous
waveform that approximates the ideal sinusoidal reference signal and even after
notch filtering has a considerably high frequency content that may affect system
stability. This issue is not addressed in this dissertation. We will view the inverter
with its power electronic controller as an ideal voltage or current source whose
frequency and magnitude can be controlled. As stated previously, it is desired to
operate this ideal source so as to mimic some of the behavior of a synchronous
generator when the source is connected to the grid. In order to react to changes
(in voltage, frequency, active power and reactive power) at the terminal of the

inverter a controller is built that generates the reference frequency and magnitude.

62



The simplest such model adjusts the frequency and magnitude using a de-
coupled first order models for the frequency and magnitude variations. This con-
trol approach is frequently called droop control. A more sophisticated approach is
based on mimicking the response of a synchronous generator. In particular, a model
that is driven by the terminal voltage and mimic the flux dynamics of a synchronous
machine is built and the output of this model generates the reference current for
the inverter. This control approach is often called a Virtual Synchronous Machine
(VSM) or Synchronverter. Several various of this approach have been suggested
in the literature and are of various degrees of complexity. In section 5.1Droop
Controlsection.5.1 and section 5.2Virtual Synchronous Machinessection.5.2 we re-

view these approaches.

In this dissertation we formulated a novel VSM approach based on a port-
Hamiltonian formulation. We mimic all dynamic behavior of the synchronous
machine to the first order (i.e. by linear model close to a scheduled slowly varying
operating point). Due to the fact that the model is based on port-Hamiltonian
formulation it has the potential of accounting for fast electric transients and dis-

turbances at the interface of the inverter and the rest of the system.

5.1 Droop Control

The control objective of power sharing is to specify the desired steady-state shar-
ing of the power demand among generation units [51]. Droop control technique
is a decentralized proportional control based on power-speed characteristic of syn-
chronous generators is widely used to direct active power sharing in power systems
with large scale fossil fuel based conventional generation units. Droop control

has been a common method for regulating active and reactive power in microgrids
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with inverter-based generation units. In a microgrid with several parallel-connected
inverter-based generator units, voltage and frequency droop control is a popular
method to control the share of power that is delivered by each unit [37,54]. In an

inductive system the active and reactive power of each generation unit is

EVsind
p ==L 1
X (5 )
EVecosd — V?
_ Zreosom v 2
g EVeon 52)

where F is the inverter terminal voltage amplitude, V' is the common bus voltage
amplitude, ¢ is the power angle and X is the output reactance of the inverter. As we
can see in (5.1Droop Controlequation.5.1.1) and (5.2Droop Controlequation.5.1.2),
a network model of a micro-grid with purely inductive lines i.e. § = 0, active power
flows are mainly functions of frequency and reactive power flows are functions of
voltage magnitudes. Active power droop control and reactive power droop con-
trol are proportional controllers for controlling frequency and voltage magnitude,

respectively.

Active power droop control builds a relation between active power and

frequency that is very similar to the swing equation of synchronous generators [23],
Aw = —dAw — ]CP(P - Pd) (53)

where Aw = w—wy, d is a damping ratio and w, (typically wy = w,.) and P, are the
desired values of frequency and active power, respectively. Reactive power droop
control is a proportional controller that relates reactive power flows and voltage
magnitudes [23],

AV = —dAV — ko(Q — Q) (5.4)
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where AV =V —V,, V; and Q4 are the desired values of voltage magnitude and
reactive power, respectively. The gains k, and kg should be selected to satisty
the operational criteria such as control loop bandwidth and stability [35]. In
systems with considerable line resistance, the original droop control in (5.3Droop
Controlequation.5.1.3)-(5.4Droop Controlequation.5.1.4) does not produce satis-
factory results. Several modified droop control strategies have been suggested to

address this issue [5], [36].

Droop control techniques are considered as a lower-level VSM algorithm
that corresponds to swing ewuation of a synchronous generator [3,12,13,24]. An-
other group of techniques to control and operate inverter-based microgrids that
are based on emulating the electromagnetic equations of synchronous generators

are reviewed next.

5.2 Virtual Synchronous Machines

This control technique is based on emulating the essential properties of a conven-
tional synchronous generator such as inertia and damping to provide simplicity
in operating inverter-based generation units. The mathematical model of syn-
chronous generators consists of two set of equations that describe its mechanical
(swing equation) and electrical (the stator and rotor winding equations) parts. The
higher order model of synchronous generators is applied to calculate the reference
values for either virtual stator current or voltage. As explained above, VSM is a
controller that is added to the inverter switching controller to enable it to behave
as a synchronous generator [3]. The functions in controlling an inverter-based

generator can be expressed in three tasks:
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1 To feed the VSM algorithm with voltage/current and frequency measure-

ments.

2 To perform VSM algorithm i.e applying the mathematical equations that are
emulating electrical and mechanical performance of a synchronous generator

and calculate a reference voltage (current) for CSI (VSI) in real time.

3 Employing the calculated reference values for generating the proper pulses

to trigger power electronic circuit of the inverter.

Zhong and Weiss in [58] introduce the dynamics and operation of syn-
chronverters based on synchronous genrators dynamics and apply frequency- and
voltage-drooping mechanisms to share active and reactive power among parallel
connected synchronverters. The approach in [58] is based on the full synchronous
generator model equations (4.10equation.4.1.10)-(4.11equation.4.1.11). However,
they make certain steady state simplifications that result in voltage source model,
i.e. an equation of the form (4.14equation.4.1.14) for the electrical part of the in-
verter model. The inertial model for the frequency dyncamics of the inverter model
is a full dynamic model mimicing a synchronous generator rotational dynamics.
Alsiraji and El-Shatshat in [3] call the control algorithms that emulates the prop-
erties of traditional synchronous machines, Virtual synchronous machine (VSM)
and categorize these methods into high and low order models. The low-order VSM
models are based on swing equation and similar to the conventional droop control

12].

Fig 2.2DC-AC voltage conversion by an inverter [21]. (Reprinted with
permission)figure.2.2 illustrates a typical inverter-based distributed generation unit

that consists of an energy source unit that converts renewable energy to DC form
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of electricity, a capacitor bank to stabilize the DC link voltage, an inverter that
converts electricity to AC form with the network frequency and an filter to remove

the high frequency contents.

These VSM techniques are basically divided in two categories:

e Current Source Inverter (CSI)- In this methods the grid voltage is measured
and virtual synchronus machine algorithm calculates the refenrece current

for the pulse generating unit [6,8,9].

e Voltage Source Inverter (VSI)- In this methods the pulse generating unit
is fed by the reference voltage that is calculated using the measured phase

currents [4,48,57,58].

The pulse generating unit that uses these reference signals typically uses
either a hysteresis current control technique (in CSI) or PWM control technique (in
VSI) or extensions/alternatives of these techniques [10]. The choice of modulation

technique affects the Total Harmonic Distortion (THD) of the inverter output [25].

5.2.1 Average Modeling

Modeling of microgrids components to simulate their nonlinearity in reasonable
computing time is required for stable operation and accurate analysis of microgrids.
Therefore, complete and detailed switching models for power electronic systems are
not practical in operation and analysis of microgrids and time-efficient models with

enough accuracy are needed for this purposes.

Asin Fig. 5.1A typical 2-level 3-phase structure of inverter-based generator

in a microgrid [25]. (Copyright 2014, IEEE)figure.5.1, a voltage source inverter, is
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connected to a low pass filter that consists of an inductor L; and a capacitor bank
Cy. Inductor Lo represents the leakage inductance of the microgrid side isolation
transformer and isolates the inverter-based generator from the microgrid. Average
modeling involves representing the output voltage (current) at point of common

coupling as average waveform.

Space Vector Modulation (SVM) [25] is applied to generate gate signals for
the inverter’s switches. In a commonly used 2-level 3-phase inverter Fig. 5.1A
typical 2-level 3-phase structure of inverter-based generator in a microgrid [25].
(Copyright 2014, IEEE)figure.5.1, the pole voltages are % and % and there are
23 switching states where two of these switching states are null states (represents
zero volts at the terminal) and the rest are active states. SVM is used to produce
the switches gate signals. Fig. 5.2SVM diagram of 2-level 3-phase Voltage Source
Inverter [30]. (Copyright 2017, IEEE)figure.5.2 shows the corresponding vectors
of these eight states. The null states ((000)Vy and (111)V4) have zero value and
are located at the origin. Vectors with 180° angle difference, are corresponding
with the same phase, i.e. (100)V; and (011)V, represent phase a, (110)V2 and
(001)V5 represent phase b and (101)Vg and (010)V3 represent phase ¢. Any voltage
vector can be synthesized by altering between to adjacent states e.g. V,.; in Fig.
5.2SVM diagram of 2-level 3-phase Voltage Source Inverter [30]. (Copyright 2017,
IEEE)figure.5.2 is located between Vi and V5. As Fig. 5.3V is transformed into
on/off signals for switches by a triangular wave (75 is the switching period.) [30].
(Copyright 2017, IEEE)figure.5.3 shows voltage V,.s can be transformed into
on/off signals for each leg in each phase by using a triangular triggering wave.
Note that different approaches in distributions of null state times Tj and 77 result

in different SVM types.
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Figure 5.1: A typical 2-level 3-phase structure of inverter-based generator in a
microgrid [25]. (Copyright 2014, IEEE)
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right 2017, IEEE)
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5.3 Proposed Technique for Modeling and Control of Inverter-
based Generator

In this section, a port-Hamiltonian model of an inverter-based generator is pro-

posed where the port variables are the terminal voltage (input) and current (out-

put) produced by the generator. The suggested model is inspired by the syn-

chronous generator equations and two sets of dynamical equations are introduced

for inverter-based generator model that are motivated by the corresponding equa-

tions of a synchronous generator.

We express the inverter-based generator model around the (desired) equi-

librium point.

5.3.1 Generator Model For Current Source Inverter (CSI)

Consider a Hamiltonian function of the form,
1 1
Hipy(Xe, Aw, AD) = 5(Xe — X, )TN AN (X, — X.,) + §Aw2 (5.5)

where X, Aw and A#f are the states and I'(A#f) is an operator matrix. Here X, is
an equilibrium state that is derived for a desired operating point of the generator
(e.g. for a scheduled real and reactive power as well as nominal terminal voltage).
The state X, is related to the terminal currents and an “internal current” through

the relationship,

X., ia L1 0 Ly | [ia
X.= | X, | =T(A0) |iy| = | 0 L1 LsAd| |4, (5.6)
X, i Ly LsA0 Ly | |ig

Here iq and i, are the terminal currents in dg reference frame and s is an “internal
current” that is essentially a control variable. We note that we have dropped

the “0” currents in the dqg0 formulation and assume that balanced conditions
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where the “0” current is identically zero is valid. Note that X, = I'(A#)i, where

T(AB) =Ty +T0A0, i = [iy if]" = [ia iy if]

Ly 0 Ls 0 0 0
FO = 0 L1 0 and Fl =(0 O L3
Ly 0 Ly 0 Ly O

Aw is deviation of the inverter frequency from the system frequency w,. The last

element in the state vector X, i.e. X,.,, corresponds to the so-called excitation

f?

circuit in synchronous generator and is a control variable.

If we define X, = X, — X., we can write the Hamiltonian function as,

L r-1(A9) 0 0] [X.
HIm,:E[XeT Aw Af] 0 1 0| |Aw (5.7)
0 0 0| |Af

The gradient of Hamiltonian function has the form,

I1(Ah)X, i
VH, = Aw = ~A~w (5.8)
—2i Ty —isi L3

where i = i — i, i is the current vector at the equilibrium point,
= . . .AT
1 = [st lg, 1 fsj|

The dynamic equations for the port-Hamiltonian inverter model are chosen as,

X, Vp — Vg
A Up — Up,
-1 0
where v; is the terminal voltage, gin, = | 0 1|, the skew-symmetric intercon-
0 O
nection matrix is defined as,
0 —wl;y 0 —vy, O
wly 0 els g0
Jz’nv = 0 —%Lg 0 —Uy, 0
Vd, (% Uy, 0 —1
0 0 0 1 0



and the symmetric positive-semi definite dissipation matrix is,

R 0 0 00
0 R -2 00
Rip= |0 -2 R, 00
0 0 0 do
0 0 0 00

Here, Ly, Lo, L3, R, are the model coefficients and vq,, vy, uys, are the ele-
ments of the terminal voltage vector v, and the control “voltage”, u; at the de-
sired equilibrium point. We note that the control input w, and its steady state
value u,,, correspond to the torque input in the synchronous generator. Further-
more, the terminal input variable in (5.15Generator Model For Voltage Source
Inverter (VSI)equation.5.3.15) is the voltage and the output variable is the current
L?; B Z ] = VHpp (K., Aw, AB).

The dissipation matrix, R;,, is positive-semi definite provided the following

condition holds,
Wy L3

RiRy > ( ) (5.10)

We assume this condition is satisfied throughout this dissertation.

5.3.2 Generator Model For Voltage Source Inverter (VSI)

For Voltage Source Inverter, we construct a control law model that is based on
a linearization of electrostatic generator model in example 4.1.5exmp.4.1.5. In
particular, linearizing the generator equations around a given operating point
(4.15equation.4.1.15) results in a system with Hamiltonian function of the form

Hrpo( Xy, Aw, AG) = %(Xg — X, )"ATH (A0 (X, — X,,) + %AwQ (5.11)

where X, Aw and A# are the states and A(A#) is an operator matrix. Here X

is an equilibrium state obtained from the desired operating point. The state X, is
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Figure 5.4: Schematic diagram of the open loop inverter-based generator design.
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related to the terminal voltages and an “internal voltage” through the relationship

X, A 0 A3 Vd

9d Vd
X, = [ X, | = AAO) || = [0 A A9 |, (5.12)
ng Uy )\3 )\3A9 )\2 Uy

Here vg and v, are the terminal voltages in dq reference frame and vy is an “inter-
nal voltage” that is essentially a control variable. Note that X, = A(Af)v, where
A(AG) = Ay + M AD, v = [Ut vf]T = [vd Uy vf}

T

A0 A3 0 0 0
AO = 0 /\1 0 and A1 =1(0 0 )\3
Az 0 Ao 0 A3 O

Aw is deviation of the inverter frequency from the system frequency w,. The last

element in the state vector X, i.e. X, is a control variable.

If we define X g = Xy — X, , we can write the Hamiltonian function as,

- AN (A9) 0 0] [X,
Hiwy = 5 [X] Aw AF] 0 1 0| |Aw (5.13)

0 0 0] |Af

The gradient of Hamiltonian function has the form,
AH(AD) X, v
VHip, = Aw = Aw (5.14)
— 20T A D — 00,3
where v = v — v, v is the voltage vector at the equilibrium point,

U= [Uds Ugs vfs}T

The dynamic equations for the port-Hamiltonian inverter model are give by,

X4 Nit
Af Ug
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where 3, = i, — iy, if =1 — ig, Ug = Ug — Ug,, i is the terminal current, gin, =
-1 0
0 1], the skew-symmetric interconnection matrix is defined as,

0 0

0 —wA 0 —ig 0
w0 = g0
Jw=1] 0 =22 0 —ip 0
ia,  dg 7, 0 —1

0 0 0 1 0

and the symmetric positive-semi definite dissipation matrix is,

G 0 0 00
0 G —28 0 0
Ripw=|0 —228 Gy 0 0
0 0 0 d o
0 0 0 00

A1, A2, A3, G1, G2 and d are the model’s coefficients and 7,4, ¢4, , 77, are the elements

of the current vector at the desired equilibrium point .

The dissipation matrix, R;,, is positive-semi definite provided the following

condition holds,
Wy )\3
2

G1Gay > ( ) (5.16)

In (5.15Generator Model For Voltage Source Inverter (VSI)equation.5.3.15) i and

4, are control inputs that can be selected to regulate the frequency (voltage) and
active and reactive power outputs. For a PWM based inverter as shown in Fig.
5.7Schematic diagram of the closed-loop inverter-based controllerfigure.5.7 the gen-
erator model in (5.15Generator Model For Voltage Source Inverter (VSI)equation.5.3.15)
provides the reference value for the inverter PWM control algorithm. We note that

the input to (5.15Generator Model For Voltage Source Inverter (VSI)equation.5.3.15)

is the generator terminal current.
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Figure 5.5: The proposed voltage source inverter-based controller.
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5.4 Dynamics and Stability of Interconnected Power Sys-
tem Components

The Hamiltonian model of the electrical dynamics of a virtual CIS synchronous

generator has the form,

j::Im) - (JInv - Rlnv)VHInv(jInv> + glnvﬁ (517)
—i
Yimow = Zf
Aw
Xe ﬁt
where Zr,, = |Aw|, © = |tus|. The network and load that is connected to the
Af Uy

generator can be represented by a total Hamiltonian function H,, that is typically

a quadratic function of network and load inductance’s fluxes and capacitance’s

charges,
Tn = (Jo(xn) — Rp(2,) ) VHy(20) + gn(zn)Un + €n(zn)vy (5.18)
where v, = U4, u,, = —i, are the port variables and v,, is an external input. The

system consisting of the synchronous generator and the network and load port-
Hamiltonian model has the overall Hamiltonian function H;(z,, z,) = Hy(x,) +

H, (x,) and dynamic equations of the overall system is of the form,
y Yy
Eg] = (Ji(wy, ;) — Re)VH (1, x2) + grwy + E(x)vy, (5.19)

While each individual component H;,, and H,, may be a stable system in isolation,
in general the interconnected system may not be stable for all the operating con-
ditions and stability can only be achieved by an appropriate control design such as
Interconnection and Damping Assignment (IDA) [41,42] where a desired Hamil-

tonian function is assigned by proper control law design. This requires complete
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knowledge of H,, which in reality mat not be available and thus alternative meth-
ods such as robust IDA may be needed. Such problem will be studied in future

research. Below we present the IDA design for a simple microgrid system.

5.5 Control Design

To achieve overall system stability, we shape the energy of the system to a desired
function that is positive semi-definite and whose time-derivative is non-positive for
any initial condition. Interconnection and damping assignment disscussed in sec-
tion 3.4.1Interconnection and Damping Assignment (IDA) Controlsubsection.3.4.1
provides a methodology for assigning the desired energy function and structure to
the closed loop system [41]. The desired energy function has minimum value at
the desired equilibrium point and the interconnection and damping matrices are
assigned to provide the appropriate control law [41], [42]. Galaz, Ortega, et al.
develope a passivity based control method for adjusting the behavior of a nonlin-
ear system. In [16] this methodology is used to design the excitation control of

synchronous generators.

For a simplified inverter-based microgrid consisting of single line, con-
stant impedance load and single CSI inverter-based generator system described in
section 5.3.1Generator Model For Current Source Inverter (CSI)subsection.5.3.1
(Fig.5.6The open loop system consisting of a Current Source Inverter (CSI), a
line and a load, all modeled as port-Hamiltonian systemsfigure.5.6), the Hamilto-
nian function for the system connected to the CSI inverter-based generator can be

expressed as the sum of two terms,

Hn = Hline + Hload (520)
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We write the Hamiltonian function of the overall system in the form,

Hiz) %@ 2 Qr — ) (5.21)

where z is the desired equilibrium point so H (z) is minimum at 4 i.e. VH|,—,, =

0. The port-Hamiltonian model of the system has the form,

i=(J—RVH(%)+ gi (5.22)
a — U’f - ufs:|
up - ups

where the Hamiltonian function is,

1
H(%) = §~TQ(A0)5: (5.23)
and
R - diag(leea Rloada Rim})u
5 Jline I B/
J = -1 Jload 0 ) B = [IQ><2 02><2}7
_B/T 0 Jinv
K 0 00
0 I'5A0) 0 0
QA% =1, (<) ) 10
0 0 0 0

The above Hamiltonian function is minimum at z; but matrix QQ(A#) is not

positive-semi definite. Indeed,

1 1 1
5XeT I (A))X, = §iTF(A0)z’ = 5z’T(FO + T A0)i

1 1
= EiTm + §¢Tr1m0

1
— §X;f DA H(AO) X, + Laigi, A0
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Figure 5.6: The open loop system consisting of a Current Source Inverter (CSI), a
line and a load, all modeled as port-Hamiltonian systems.

H(Z) can be rewritten as,
1 -~
H(%) = 3 i"Qo(A0)T + Lyiyi, A0 (5.24)

For a m model line with node capacitance values of ¢; and ¢, and inductance value

of [ and an inductive load with inductance value of [;,

K 0 00
0 IHANHT,HAd) 0 0
Q()(AQ) _ 0 ( ) O0 ( ) L0
0 0 0 0

and K is the orthogonal matrix of load and line capacitance and inductance ma-
trices:

K = diag(C{H, Gy L7 1Y)

where C) = ¢11, Cy = oI, L =11, Ly = ;I (I is the identity matrix). For L; > 0
and Ly Ly > L%, Q is positive semi-definite. We assume this condition is true the
reminder of this paper. Applying IDA methodology in section 3.4.1Interconnec-
tion and Damping Assignment (IDA) Controlsubsection.3.4.1 to the interconnected

power system we choose the desired quadratic energy function H, as,

(LsXe, — Li X, )+

_1l.7 -
H; = 5 Q(Ad)T + Ln(IrLo — L2)

1 -~ 1 «
— X2 X2 AP =
Ly eq+L1L2—L§ e T3

1 ~ ~ ~ ~
§£TQ0§: + Lai i, A0 + L3Xe, — I X.,)*+

L
Ll(Lng — L%)
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1 1 Q
— X2 - _X? —A#? 5.25
L, © + LiLy— L§ ef + 2 ( )

_ )ged B ;d
where X, = X, — X, = [ X, | and i = || .
Xy if

Then the desired overall Hamiltonian function satisfies,
Halo0) = Halo(0) | V() Ral )V Hula )05
We seek a state feedback control law u (%) and wu,(Z), so that
H (g (#), uy(3)) = H, (5.26)

Proposition 5.5.1. The system given in (5.22Control Designequation.5.5.22),

with the state feedback controller:

2 L ~ Ls-
Uy = Uf, + —(—3)(R1 + er1A9> 3tg + 2—3if +
3 L1 Ll
1L ~ Ls -
“(Z)2R1A0 + w, Ly) ( 3i, + 22 Abi; (5.27)
3 L1 Ll
and
~ ~ L3~
Up = 20q,1q + 204,74 + 2L—zf(vds + Abv,,) — aAd (5.28)
1

with the gain o > 0 results in the following closed loop system:

i = (Jo(%) — Ra())VHqy(%) (5.29)
where
Jlme ] BI
Jd(i) = -1 Jload 0 )
—-BT 0 Ja,,.,
R4(Z) = diag(Riine, Rioad, Ra,,,)
0 —a b —vg, O
a 0 ¢ —v, 0
Jdinv (j}) = _b —C O _ufs 0
Vg, Vg, Uf, 0 —1

0O 0 O 1 0
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and

L0 0 00
0 L 0 00
Ry (#)=|0 0 Ry, 0 0
0 0 0 4d0
0 0 0 00
where @ = <251 b = %(%)(Rl +w, L1AD), ¢ = %(L—f)(ZRlAQ +w, L) and x, is an

equilibrium of the above system.

Proof Substituting (5.27equation.5.5.27) and (5.28equation.5.5.28) into (5.22Con-
trol Designequation.5.5.22) gives (5.29equation.5.5.29) after some manipulations.
Proposition 5.5.2. The closed-loop system (5.29equation.5.5.29) has a unique

equilibrium point at z, = 0.

Proof At the equilibrium point of (5.29equation.5.5.29),

(Js— Ry)VHy(Z.) =0 (5.30)
Note that,
det(Jd — Rd) =
Lsya By y(n LiA0)? + (2R A0 + w, Ly )?
(E)(f)((l""wrl ) + (2R1A0+ w, 1))

Consequently, the matrix J; — Ry is nonsingular for all nonzero values of Ry and

L3 and thus (5.26Control Designequation.5.5.26) requires
VHy(z,)=0

We know that VHjinelr—z, = 0, VHpud|lz=z. = 0 and for the inverter-based gener-
ator we must have,
3iag + 2L(§—§)z'f~
3ig + 2(72)Abiy

VHdmu|x:xS = if =0 (531)
—%f%ng) —f- OzAQ
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Consequently, %f =0,i3=0, %q =0, Aw =0 and Af = 0 thus 7, = 0.

5.6 Stability

In this section we discuss the stability of the open loop microgrid system as well as
the closed loop system with controller (5.27equation.5.5.27)-(5.28equation.5.5.28).

We start with the uncontrolled system.

Proposition 5.6.1. Considering system (5.22Control Designequation.5.5.22) with
constant control 4 = 0 then for any fixed value of A#, system (5.22Control
Designequation.5.5.22) has an equilibrium point. At equilibrium point Af =
Aw, = 0so Ad(t) = AH(0).

For Ly > 0 and L; Ly > L3, if |A8] < VI8 e have Q(A6) > 0 and thus H ()

is a positive semi-definite function i.e. H(#) > 0. Furthermore, if R R2 > (¥2£2)2

the open loop system is stable.

Proof The open-loop dissipation matrix is, R = diag(Riine, Rioad, Rinv),
where Ryine, Rioaq and R;,, represent line, load and inverter-based generator dis-
sipation matrices, respectively. For RyRy > (%)2, the matrix R is positive

semi-definite i.e. R > 0. The time-derivative of Hy is,
H(%) = —VH(Z)RVH(#) <0 (5.32)

SO Hd(i") < 0 and consequently the system is stable.

We apply the Lyapunov theorem in the analysis of the stability of the closed
loop system (5.29equation.5.5.29) at the desired equilibrium point. In the port-
Hamiltonian formulation of the system the best candidate for Lyapunov function is

frequently the Hamiltonian function. In the remainder of this section we investigate
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conditions for stability of the controlled system via Lyapunov stability and the

properties of the port-Hamiltonian representation of the system.

The added terms in H; are a function of inverter-based generator states,
Hy(z) = H(Z) + G(ZTiny)

where 7;,, are the states associated to the inverter-based generator. Note that we
have,

VHy = col(VHiine, VHipaqg, VHy, )

Proposition 5.6.2. For parameter values L; > 0, LiLo — Lg > 0, f—f < 1,

LyLy <2513 and LyLy — L2 = Lj, the closed-loop system with the state feedback

law in proposition 5.5.1prop.5.5.1 is globally asymptotically stable.

Proof By proposition 5.5.2prop.5.5.2, the closed loop Hamiltonian function
has an isolated minimum at the desired equilibrium point i.e. VHy|,—,, = 0. First
we will show that under stated conditions the energy function Hy in (5.25Control

Designequation.5.5.25) is positive definite. We have,
X., = Lyiq + Lsi; (5.33)
and
X, = Lsiq + L3A0i, + Loiy
Consequently,
LyX., — L1 X., = (L} — LiLs)i — LaL1Abi,
and the first term in (5.25Control Designequation.5.5.25) is,

]- ~ ~ 1 ~ ~~ ~ ~
5 TQor = §(L123 + 2L3i40, + le?] + LQZ?‘)
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Li~ - L R
= 71(@'(1 + aig)? + 71(1 — a?)i2 + 722'30 (5.34)

Let o = é—i’ < 1 and note that —=Z

T2 = 1. Then, the second term in (5.25Control

Designequation.5.5.25) becomes,

1
Ly(LyLy — L3)

(L3 X,

€d

- LlXEf)2

~ <12
= L1L3 [(Lg — Lng)Zf — LngAelq}

La - ~ o~
= L—3(¢§ + LIAG*2 + 2L, AGigiy) (5.35)
1

Now we add (5.34Stabilityequation.5.6.34) and Lsi 11,A8 to (5.35Stabilityequation.5.6.35),

L3 L2 ~

(7 +5) 2+ L3L1 A6 + 3LsAbiyi, (5.36)
1

that is positive if,
Ly L
2/ (7 + )V (LaLn) < 3Ly (5.37)
1
then,

LyLy <2515

The rest of terms in (5.25Control Designequation.5.5.25) are non-negative. This

shows that Hy(Z) is a positive definite function with H4(0) = 0.

The time derivative of the closed loop Hamiltonian function Hy is non-
positive. Indeed,
Hy=VH,%=-VHR,VH,
R, is positive-semi definite so Hd < 0. The state values where Hd = 0 are points

of the from (0,0,....,0,Af). Since Aw = 0 we have Af = A, and by Lasalle’s

principle the system is asymptotically stable.
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Figure 5.7: Schematic diagram of the closed-loop inverter-based controller.
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Figure 5.8: Af in open loop system for initial value §
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Figure 5.9: A for different values of « in the closed-loop system (o = 10°).

5.7 Example

We developed a simulation platform to examine the port-Hamiltonian model of
system consisting of a constant impedance load, a 7 line and an inverter-based

generator.

First we examined the performance of the open loop inverter-based genera-
tor with a constant input %, = 0 and %y = 0. The system is open loop stable with
the selected values of parameters but as Fig. 5.8Af in open loop system for initial
value Ffigure.5.8 show Af(t) does not converge to zero.

The performance of the closed loop system was evaluated for different values of
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Figure 5.10: Aw for different values of a in the closed-loop system (a = 10°).
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Figure 5.11: Inverter-based generator terminal voltage for different values of a in
the closed-loop system
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Figure 5.12: Generator and load terminal voltage.
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Figure 5.13: @; when a 50 percent increase in load resistance occurs(a = 10°).
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Figure 5.14: @, when a 50 percent increase in load resistance occurs(a = 10°).
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Figure 5.15: Inverter-based generator terminal voltage when a 50 percent increase
in load resistance occurs(a = 10).
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Figure 5.16: Phase angle when a 50 percent increase in load resistance occurs(a =
10%).
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Figure 5.17: Frequency deviation when a 50 percent increase in load resistance
occurs(a = 10°).
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Figure 5.18: Active power when a 50 percent increase in load resistance occurs(a =
106).
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Figure 5.19: Reactive power when a 50 percent increase in load resistance
occurs(a = 10°).

the tuning parameter o. Fig. 5.9A0 for different values of « in the closed-loop
system (o = 10%)figure.5.9 shows that Af converges to zero but convergence rate
depends critically on the controller parameter « as shows in Fig. 5.10Aw for dif-
ferent values of a in the closed-loop system (o = 10°)figure.5.10. Furthermore,
the convergence rate and dynamics of Aw depend critically on «. Finally, Fig.
5.11Inverter-based generator terminal voltage for different values of a in the closed-
loop systemfigure.5.11 shows that the generator terminal voltage convergence rate
critically depends on «. Fig. 5.12Generator and load terminal voltagefigure.5.12
shows the performance of the generator and load voltages for a fixed value of
a = 106.

The performance of the controlled system was evaluated as function of a step
change in the load. i.e. the load resistance was changed by 50% (power factor
from 93.58 % to 96.99%). Fig. 5.134; when a 50 percent increase in load resis-
tance occurs(ow = 10%)figure.5.13 and 5.141, when a 50 percent increase in load
resistance occurs(a = 10%)figure.5.14 show the response of the two control variables
to the load change. Fig. 5.15Inverter-based generator terminal voltage when a 50

percent increase in load resistance occurs(a = 10%)figure.5.15 and 5.16Phase angle

92



when a 50 percent increase in load resistance occurs(a = 10%)figure.5.16 show that
the terminal voltage and the state Af converged to the new steady state values as
function of the load change while the steady state value of the frequency did not
change as is shown in Fig. 5.17Frequency deviation when a 50 percent increase in
load resistance occurs(a = 10%)figure.5.17, Fig. 5.18Active power when a 50 per-
cent increase in load resistance occurs(aw = 10%)figure.5.18 and 5.19Reactive power
when a 50 percent increase in load resistance occurs(a = 10%)figure.5.19 show that

the real and reactive powers converge quickly to their new values.

5.8 Summary

In this chapter we have presented a VSM approach for the control of an inverter-
based generator. The developed approach is based on a full dynamical port-
Hamiltonian formulation that emulates synchronous generator behavior. The ap-
proach is developed for both CSI and VSI type of inverters. The results are demon-

strated in a simple example of a generator connected to a simple microgrid.
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Chapter 6

Conclusion

Modern power systems have components that have power electronic interfaces that
are both fast and can have complex controlled behavior at the interfaces. Conse-
quently, time scale separation that is often used in the analysis of power system
dynamics may no longer be valid and traditional load models are not sufficient.
The development of a new modeling and analysis paradigm that does not depend
on time scale separation and is general enough to facilitate the modeling of complex

loads and generators with power electronics is needed.

To provide simplicity in operating inverter-based generation units, there
are various control strategies based on emulating the critical properties of a con-
ventional synchronous generator such as inertia and damping. This dissertation
designs a novel operational and control model for controlled power electronic loads
and inverter-based generators inspired by synchronous generators’ equations and
stated in port-Hamiltonian systems’ formulation. Within the context of Port-

Hamiltonian power system formulation we developed:

e Virtual Synchronous Machine (VSM) control architecture for both Current

Source Inverter (CSI) and Voltage Source Inverter (VSI).

e General load model that incorporate complex loads such as Constant Power

Loads.
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